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ABSTRACT
The purpose of this experiment was to:
1. Determine how closely five different types of terrain, such as
sand, cultivated soil, grass, loose rocks, and bushes resembled
Larabertian surfaces.
2. Determine how closely the radiometric functions for three wave
length bands compared for each type of terrain.
3. Develops the shape of the radiance envelope as defined by the
radiometric function for each type of terrain.
U. Determine the effect of changes in solar altitude on the radio
metric function.
5. Determine the effect of changing the conditions of irradiance
from clear sky to overcast sky on the radiometric function.
The experimental procedures used for measuring the magnitude of
the radiance vectors were adequate to yield results from which the radiometric
function can be determined, but the variability was higher than predicted.
Even with this variability, which was expected in this type of experiment, the
results were still significant enough at 95% confidence to yield valuable
guidance to scientists and engineers.
The five types of terrain tested were concluded to be generally
non-Lambertain, and the radiometric functions were entirely a function of
atmospheric conditions, solar altitude, and viewing position due to the peculiar
scattering patterns for each type of terrain.
The radiometric functions were independent of wavelength, except
for several isolated cases. Furthermore, they were unsymmetrical for clear sky
irradiance and symmetrical for an overcast sky.
An approximation of the shape of t h e radiance envelope in two
planes and the magnitude of the radiance vectors are presented in the results
to help the reader visualize the effects of the input variables.
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(1)
VARIATIONS IN THE SPECTRAL RADIOMETRIC FUNCTION, MEASURED IN THE FIELD,
OF FIVE DIFFERENT TYPES OF TERRAIN AS A FUNCTION OF ATMOSPHERIC
CONDITIONS, SOLAR ALTITUDE, AND VIEWING POSITION
INTRODUCTION
In many of the professional fields, such as surveying, mapmaking,
agronomy, geology, tactical reconnaissance, or photointerpretation, scientists
and engineers are often required to obtain specific types of information from
aerial photographs of the earth's surface. To obtain these photographs a variety
of camera systems are used in a variety of vehicles such as aircraft, light
planes, jeeps, orbiting survey and mapping satellites, manned spacecraft, etc.
However, they all ultimately fulfill one common requirement: The collection of
flux density during some time t. This requirement has been called "Exposure" and
can be represented by the following relationship of parameters:
% X t = ^NaoK t (1)
UA2
Hf = Irradiance at film plane (watts/cm2) A = System f stop
t = Time (sec) K = Optical properties
Na = Apparent scene radiance (watts/cm - steradian)
With the correct selection of values on the right-hand side of the
equation, an exposure can be derived which is necessary and sufficient to record
an image on the film to obtain the best resolution and image quality and with the
scene's minimum radiances falling at the speed point of the film.
However, in the derivation of the exposure equation an assumption is
made that the irradiated reflecting surface (scene) is a perfect diffuser, or,
(2)
more generally called, a Larabertian Surface. A perfectly uniform diffuse re
flecting surface has been defined as one which redistributes the incident radia
tion upon it in such a manner, that whatever is the direction of the incident
radiation, the radiation reflected from each surface element obeys the cosine
(2)
law.* O) Consequently, if a Lambertian reflector has H watts per unit area
incident upon it, the total flux (Rj.) reflected from a unit area into 21^
steradians by the Law of Conservation of Energy will be, R+ - H, (2)
but in most cases some flux is absorbed by the reflecting surface. So a
reflection factor p can be defined as,p = jfp-l. (3)H
Equation (3) can be arranged so the number of watts reflected per unit area
is equal to the reflection factor times the number of watts received per
unit area. Therefore, if the reflector (scene) is Lambertian, R. =//N, (k)
and from equation (3), pH =fl% (5)
regardless of the direction of irradiance or the manner in which the flux
is received. Refer to Appendix I for derivation of R+ ^TJ. The exposure
equation can now be written as, R.I t s 2
* (6)
h &
with pH replacing flfN for different Lambertian surfaces.
So far only the exposure of an ideal surface has been considered.
But in practical applications, this is generally not the case. A problem arises
in developing a model for a complex non-Lambertian surface**- because equation (5)
no longer holds. The magnitude of the radiance vector is no longer independent
of geometry, but requires a statement of the conditions of irradiance and
collection.
(h)* Lamberts Cosine Law va/ - A perfectly diffusing surface is one for which the
radiant intensity from a given area in any direction varies as the cosine of the
angle between that direction and the normal to the surface. Under this condition
the radiant intensity per unit of projected area, which varies inversely as the
cosine of the angle, is constant, and the radiance from a perfect diffuser is
independent of incident and viewing angles.
** Complex non-Lambertian Surface ^' - A rough surface which consists of
scattering particles, in many orientations, of a size large in comparison with
the wavelength of light and arranged in some design to form a macrostructure.
(3)
The relationship which expresses this variation in the magnitude
of the radiance vectors with the geometry of the irradiance and viewing position
is hereby called the radiometric function 5 (^, 0 , ~,o-) Eisner ^ ' states
that the amount of flux that is absorbed or scattered by reflection varies with
the wavelength of radiation and with the nature of the terrain. Consequently,
there might well be a different radiometric function for every type of terrain,
with the possibility of the radiometric function varying with wavelength for the
same terrain. Equation (k) can now be modified for a non-Lambertian surface by
introducing the radiometric function. Equation (h) would now be,
N0dAsSU,?,*-,<r)A - p(t)A HQdAg (7)
where N = Magnitude of radiance vector r = Azimuth of receiver
normal to the surface p = Reflection factor
dAs = Area of surface element t = Type of terrain
i = Radiometric function * = Wavelength of radiation
<j\ = Altitude of radiation source H0 " Magnitude of irradiance
fi = Azimrth of radiation source vector normal to the
j- = Altitude of receiver surface.
For a surface irradiated by daylight, equation (7) would read,
N dA f(S,V). = p(t)x H cos Z di (8)O S * * o s
where S Solar altitude (^>, 0 inherit) t = Terrain type
V Viewing position (flr, o~inherit) cosZ Cosine of Zenith
distance
Investigations of p(t) have been made by researchers, such as
Drake ^ '' (Cornell), Nickerson '"' (Department of Agriculture), Krinov
(USSR), and Ashburn ^ ' (Michelson Laboratories), in reports on the spectral
reflectance of different types of terrain, but no real attempt was made to
separate i from p. Hapke
'
'
, Van Digglen
(12 J^ Amdursky ^', and Eastman
Kodak '"*' have investigated the photometric function of different types of
materials to find a match for the lunar surface, but this was under laboratory
conditions and with unusual types of materials. Also many texts, for example,
the Handbook of Geophysics and Kingslake's Applied Optics and Optical Engineering,
(Ii)
in reporting the spectral reflectances of different materials do not report
the spectral energy distribution of the source, the changes of p with moisture
content and season of the year, position of source, or position of receiver.
So, to ray knowledge there is no readily available information on the shape of
the radiometric function as determined by the magnitude of the radiance vectors
for different types of earthly terrain irradiated by daylight.
Therefore, it was the primary objective of this experiment to:
1. Determine how closely five different types of terrain, such asj
sand, cultivated soil, grass, loose rocks, 2nd bushes, commonly
found in most aerial photographs, resemble a Lambertian surface
when irradiated with daylight, by measuring the magnitude of the
radiance vectors in two planes as a function of viewing position
and solar altitude.
2. Determine how closely the radiometric functions for three different
bandwidths compare, by measuring the magnitude of the radiance
vectors in the blue, green, and red region of the spectrum for each
of the five types of terrain.
3. Develop the shape of the radiance envelope as defined by the radio
metric function at each wavelength band for all five types of
terrain by plotting percent reflectance.
Secondary objectives of the experiment were to answer the questions:
1. Is there a real difference in the radiometric function when the
solar altitude is changed?
2. Is there a real difference in the radiometric function when the
irradiating conditions are changed from daylight with clear sky to
daylight with overcast sky?
GROUND RULES
1. Assumptions
A. That changes in the spectral energy distribution of daylight for
(5)
different solar altitudes and atmospheric conditions described by
Fritz (*$) (U.S. Weather Bureau) and Condit and Grum ^' (Eastman
Kodak) and from sunspot activity '-^J would not significantly
change from day to day during the period of data collection, and
that the narrowness of the system sensitivity bands would make it
insensitive to changes in spectral distribution. See Figures 1 and
2 for spectral energy distribution of clear and overcast skies.
B. That the radiant intensity at each solar altitude would not be sig
nificantly different during the period of darta collection.
C. Data could be collected over a period of several days by comparing
the different days to a standard surface.
D. Seasonal changes during June and July could be controlled for the
living specimens by using young plants and regular watering. Also
an experiment by Bauer and Dutton (10' states that the surface re
flectance of different specimens varied only a few percent from
May to September.
E. Information published by Drake ^ ' (Cornell), Handbook of Geo
physics (20\ and Condit ^21^ (Eastman Kodak) indicates that the %
reflectance can change considerably from water soaked to baked dry
conditions for the soil and sand samples. Therefore, the assumption
was made that the surface wetness would not change significantly
during the period of data collection because the samples would be
protected. No attempt would be made to indicate the moisture con
tent of the original samples at the start of data collection.
F. That the experimental samples under investigation could be pro
tected from acts of nature and pranksters so as not to have their
reflecting surfaces significantly changed.
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G. That the required treatment combinations could be measured in a
short enough period of time for each solar altitude, that a small
incremental change in solar altitude would not be significant.
H. Data could be collected as near to June 21 as possible because
changes in the sun's declination would be small from day to day.
2 . Limitations
A. To concur with assumption 0., only three spectral bands could be
considered.
B. To concur with assumption G., only two vertical planes approxi
mately orthogonal to each other could be investigated.
C. Due to the latitude of Rochester, New York, only a maximum solar
altitude of 69 was possible.
D. Due to the type of country around Rochester, New York, solar
altitudes below 10 would not be possible.
E. Only those types of terrain found near Rochester, New York, could
be investigated.
F. Only horizontal reflecting surfaces could be considered due to the
limitation of time and size of the experiment.
G. Instrumentation and materials used for the experiment had to came
from the school inventory.
H. Materials not available at the school would have to be either
borrowed or made, due to the limited funds of this author.
I. Testing and fabrication facilities consisting of an optical bench,
Beckman spectrophotometer, and a workshop would have to be sufficient.
EXPERIMENTAL DESIGN
1. Choice of Response Variables
In this experimental study, I was primarily interested in evaluating
the spectral radiometric function for each of the five types of terrain. In order
(7)
to evaluate the spectral radiometric function of each terrain type, I chose to
measure the magnitude of the radiance vector as my response variable. This
measurement was relative, but would most directly reflect the effects of the
input variables.
A second response variable, % reflectance, was chosen for defining
the shape of the radiance envelope because it would not be as relative, and would
allow me to compare my results with data already published. This response
variable was calculated by comparing the radiance vector magnitudes for each type
of terrain to the magnitude of the radiance vector from a" Lambertian standard.
Although I used two response variables, the second one was calculated
from the first, so only one experiment was run to collect data.
2. Selection of Factors as Input Variables
Many factors affect the magnitude of the radiance vectors, but three
variables were considered most important in answering the questions set down in
the objectives. These were:
1. Viewing Position
2. Solar Altitude
3. Terrain Type
These three were selected for their direct relationship to the defi
nition of a Lambertian reflector and are usually known at the time photography is
taken. If the terrain was Lambertian, the magnitude of the radiance vector would
be the same no matter how the surface was irradiated or viewed. If the surface
was non-Lambertian these two factors would directly show this by changing the
values of the radiance vector magnitude.
Terrain type was selected because it was felt that not all of the
five selected would be Lambertian, but it was not obvious by looking at the dif
ferent types of terrain which ones would not follow Lambert's Law.
Another factor which I knew would make a real difference in the re
sponse variable was atmospheric conditions. I decided to conduct two separate
(8)
experiments using the two extremes of atmospheric conditions because they both
have practical applications and would be the easiest to monitor. One experiment
was carried out using specular irradiance from a clear sky, and the second one
was carried out using diffuse irradiance from an overcast sky.
As set down in the objectives, the factor wavelength was also con
sidered. Since I would not be working with single wavelengths but wavelength
bands, I decided not to consider it as a fourth factor in the design, but instead
to run three separate experiments at the same time using different interference
filters. These same three filters were used for both clear and overcast skies.
This way I could compare the three radiometric functions for each surface inde
pendently.
3. Choice of Levels of Each Factor
A. Terrain Types
With all types of surfaces appearing in aerial photographs, I de
cided to sample those five types listed in the objectives because of their
accessibility and occurrence in most aerial photographs. The levels selected
from the Rochester, New York, area were:
1. Lake Ontario Beach Sand
2. New York Farm Soil
3. Kentucky Bluegrass
Ii. New York Dark Limestone
5. Globe Arborvitae
Since these levels were not chosen at random and were not of the
nature to be incrementally compared, this factor was considered qualitative and
fixed.
B. Solar Altitudes
Since the entire range of solar altitudes from dawn to dusk could
not be investigated in the time required to make measurements, and to stay within
the scope of the experiment, five equally spaced solar altitudes were selected.
The levels selected were:
(9)
''. Jo]"AscendiIIg
1. 12-n
2.
3. 69 _ High point
0. 12*' ~ Descending
Since these levels were not chosen at random, this factor was con
sidered quantitative and fixed. See Figure 3 for position of sun at each se
lected level.
C. Viewing Position
To completely determine the radiance envelope defined by the radio
metric function, values for the magnitude of the radiance vectors would have to
be determined at every point in 2ff steradians. Since this was not practical,
two vertical planes were selected as set down in the objectives.
The planes were selected to meet two criteria: (l) that they be
approximately orthogonal and (2) that they approximately coincide with the azi
muth of the sun at the solar altitudes selected. The two orientations that most
nearly met this criteria were the
000
-
180
plane and the 120 - 300 plane.
From a preliminary investigation, nine different viewing positions could be in
vestigated before the sun's position changed too much. Two equally spaced angles
were selected in each quadrant, with a common position at the surface normal.
The levels selected were:
Altitude Azimuth Altitude Azimuth
1. 2? 000 6. 2?
120
2. 57 000 7. 57 120
3. 2$ 180 8. 2$ 300
U. 57 180 9. 57 300
$. 90 Normal
Since the levels were not chosen at random, this factor was considered
quantitative and fixed. See Figure U for viewing positions.
h. Design
A factorial design was decided upon because each factor would be
tested at all levels in combination with all levels of the other factors. Also,
Fig.3
Position of Solar Altitudes
Fig. 4
Viewing Positions
120
180*
300
(10)
a factorial design has the property that the effect of each factor can be judged
independently.
A. Mathematical Model
The following is an algebraic statement of how I estimated the true
situation under study to behave with first order and possible second order effects:
ijk^ ^
T. - V = ST. . + SV
1 k
1 + TV +j ,
ij
D
ik jk C^(i,j,k)
S = Solar altitude
T = Terrain type
V Viewing position
B. Experimental Layout
As mentioned previously, I actually carried out six separate experi
ments at the same time. Figure 5 is a sample of the design layout. Refer to
Appendix II for entire layout.
Solar
Altitude
Viewing
Position
A B C D E
Terrain
Type 1231*56789 123U56789 1231*56789 123U56789 123U56789
V
W
X
Y
Z
Figure 5
Sample of Experimental Design Layout
C. Sample Size
With a factorial experimental design the number of combinations
that must be run are fixed. In my three factor layout, I was required to evaluate
225 = (5%$X9) different treatment combinations six times.
(11)
I was able to calculate the sensitivity of the experiment by ob
taining an estijnate of J> from test runs in the field. Calculations of <f said
I should be able to detect differences as small as 0.1 meter division. This was
considered sensitive enough.
D. Randomization
The order of experimentation was not completely at random. Due to
the limitation of staying as near to June 21 as possible, and to make use of
suitable weather when available, solar altitudes were taken in sequence as they
occurred during the day.
Selection of terrain types at each solar altitude were chosen at
random by drawing the five names from a hat. This was done once for each atmos
pheric condition. Once the terrain types had been selected, the nine viewing
positions were then selected at random by the same method for each terrain type.
All three interference filters were introduced into the optical
system at each viewing position. The order in which they were introduced at each
viewing position was also chosen at random.
The experiment using clear sky was begun and completed before the
experiment using overcast sky due to an unusually mild summer for Rochester, New
York.
5. Flow Chart
The following flow chart outlines the process used to obtain experi
mental data from which the response variables were evaluated:
Modify the Gamma
Scientific 700 M
Photometer for
field use
Obtain interference
filters
II
Select site
for experiment
1
Build forms for
test materials
III
Derive a method
to calculate the
solar a titudes
Derive a method
for locating the
viewing positions
(12)
Check photometer
linearity
Calibrate photometer
for field use
Obtain a standard
reflecting Lambertian
surface
Obtain test
materials
Layout of
test site
Place test materials
in forms
Maintain test
site
1
Make several trial *_
Obtain information
on cloud forma
tions
Derive a definition
of clear and over
cast sky
Obtain information
on the sun '3
spectrum
tests and experimental
runs I
Establish an estimate
" I
Calculate d
I
Select treatment
combinations
J
Collect data
Reduce the data
with the use of
computer programs
Interpret results
I
Write formal presentation
EXPERIMENTAL PROCEDURE
1. Modification of Gamma Scientific 700M Photometer
A Gamma Scientific 700M photometer with a telescope head attachment
was used as the receiver in this experiment. It was a portable instrument which
operated on a battery power supply of seven D cells and two mercury reference
(13)
batteries. Refer to Appendix III for data on reference batteries. Its de
tector was a 931A photomultiplier tube inclosed in a light-tight housing,
except for the entrance pupil. Refer to Figure 6 for % Response of the tube.
The telescopic head was composed of a f/3.0 lens with a 3" focal length and
sights for aiming. With the largest aperture, the instrument was limited to
a fixed focus at 12 feet and a semi-field angle of 1. Refer to Figure 7 for
% Transmittance of the lens. For ease in using the instrument and to cover a
larger area on the ground, the aperture in the telescope was changed so a 6
foot fixed focus and a 2 semi-field angle were possible. 'Refer to Appendix
IV for modification of telescope aperture. To convert the instrument to work
as a spectroradiometer the photoptic filter was removed and a holder was made
on the face of the telescope head to hold the interference filters. To support
the photometer photomultiplier head and the photometer electronics cabinet, a
Sampson tripod was modified to hold this equipment by attaching the photo
multiplier head to its platform and by building a supporting frame between its
legs to hold the cabinet. Refer to Picture 1 to see instrument as modified for
use in the field.
2. Interference Filter Selection
Three 2" X 2" second order interference filters were borrowed from
Bausch and Lomb to isolate three narrow bands in the visible portion of the day
light spectrum. Their peak wavelengths were Ijlilnm, 536nra, and 6l4.5nm. See Fig
ures 8, 9, and 10 for % Transmittance of each filter.
3. Photometer Linearity Check
The photomultiplier head was set up on the optical bench and ir
radiated with a tungsten coiled filament "point" source. The response of the
linear scale was checked by its agreement with the inverse square law and found
to be linear within the $% precision of the instrument. Refer to Appendix V
for optical bench setup.
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During the linearity check, the needle was noticed to drift from
zero. This was checked out in the R.I.T. electronics lab, and pinpointed to
be a drifting D.C. amplifier whose stability decreased with temperature. This
instrument deficiency was controlled by letting the instrument warm up and
stabilize, zeroing meter before every reading, making readings as short as
possible, and by protecting the electronics from direct sunlight.
h. Calibration of Photometer for Field Use
The photomultiplier head had a continuous neutral density wedge
filter in it which was capable of being rotated through the radiation path.
However, no calibration was available for different positions on the wedge.
In order to use the instrument in the field, neutral density fil
ters were placed in the radiation path instead of the wedge because of the low
accuracy in returning it to its original position each time. To evaluate the
N.D. filters needed, an experiment was set up in the field at the test site and
wedge positions noted which would allow most of the meter readings to fall on
the 10X scale. Position E was most suitable. The photometer was then set up
on the optical bench and position E matched with N.D. filters. The value re
quired was 3.8ND.
5>. Standard Reflecting Surface
In computing % Reflectance, the ratio of incident to reflected
radiation was not calculated, but the ratio of radiation reflected from the
terrain to that reflected from a standard surface. The surface selected as a
standard was baryta coated paper because it approximately absorbed all wave
lengths equally and was assumed to be Lambertian. Refer to Figure 11 for %
Reflectance of the baryta paper. Sheets of the baryta paper were dry mounted
onto a large piece of cardboard and stored in a box for protection. Due to its
delicate surface, it was only removed from this box when a measurement was needed.

(15)
6. Selection and Layout of Test Site
Before a site for the experiment was selected, three require
ments had to be satisfied. These were:
1. Surrounding area had to be void of trees, houses, etc.,
so low solar altitudes could be used.
2. Site area had to be relatively flat for ease in making
test plots and because only horizontal surfaces were
being evaluated.
3. Area where vandals would not disturb the plots.
Rochester Institute of Technology's nursery at the new campus
most nearly filled these requirements.
An area 25 feet by 125 feet was cleared of vegetation and raked
smooth. A stake was then driven at station 1 and a transit set up over it.
This point was tied into a fireplug on John Street. Magnetic north was then
determined from the compass on the transit and a suitable station line was
laid out in a southwest direction. Sites were staked at 2li foot intervals
along this line. At each site the transit was set up over the of the station
stake and leveled and zeroed. Magnetic north was located with the compass and
then the transit scale was locked. Surveying v"' by Bouchard and Moffitt was
used to correct the magnetic headings to true headings by using the following
formula:
Magnetic Heading = (True Azimuth Desired + West Declination).
According to a 1935 Geodetic Survey ^ *' and a 1955 Isogonic Chart , the
magnetic declination for Rochester, New York, was west 10 with no seasonal
changes .
The transit was turned N 10 E to locate true north (000), and
a stake was driven 12' from Site 5. The transit was then rotated
180
and a
stake was driven 12* from Site 5> denoting true south (l80). The transit was
then rotated until a magnetic reading of
310
was obtained denoting true 300
and another stake was driven 12' from Site 5 The transit was then rotated
(16)
180
again and another stake driven 12' from Site 5 denoting true 120. String
lines were attached to the 000 - 180 and 120 - 300 sets of stakes. These
string lines outlined the position of the vertical planes in which the viewing
angles would lie. The other four sites were set up using the same operation.
Refer to Figure 12 for test site layout.
Once the location of the five sites had been determined, five
square boxes 2' X 2' were built out of 2" X h" lumber to hold the terrain
samples. Four stakes were driven symmetrically near the center of each site
to support the boxes. Each box was then leveled to a horizontal position by
using a carpenter's level and adjusting each stake. Next they were aligned by
using string lines tied to the
000
-
180 and
120
-
300
stakes. Each corner
of the box was marked on the top of the four stakes in case the boxes were ac
cidentally moved. Finally dirt was packed around each box to hold it in place.
The bottom picture in Pictures 3 through 7 illustrates box alignment.
7. Obtaining Terrain Samples
All five of the different types of terrain were obtained within
the Rochester, New York, area. When possible, the test samples were removed
from their natural habitat.
The sand sample was gathered at Durand Eastman Beach on Lake
Ontario. Samples were gathered at random from different areas on the beach,
and any foreign matter was removed by screening.
The soil sample was gathered at random from different areas of a
newly plowed field near the nursery.
The limestone sample was selected at random from William Shoemaker's
residence.
The Kentucky bluegrass sample was purchased from a nursery and
planted in the site box.
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The Globe arborvitae was bought from a nursery and planted in the
site box. It was selected for its symmetry and closely packed foliage.
All of the samples that were gathered were placed in site boxes
and leveled with the top of the box. Refer to Pictures 3, ii, 5, 6, and 7 for
pictures of terrain samples.
The Globe arborvitae and Kentucky bluegrass were watered daily and
the sites were continually monitored for damage or foreign material.
8. Determination of Solar Altitudes
Instead of using a sextant and sight tables* to measure the sun's
altitude, a method using only mathematical calculations was considered sufficient
because the latitude and longitude of the sites were known, and an accurate time
hack was obtained by setting my Elgin watch to the WWV standard.
To determine the sun's position, it was necessary to follow this
sequence of operations:
A. Calculate the Greenwich Mean Time (GMT) by adding four hours
to the Local Civil Time (LCT).
B. Using day and month, obtain the Greenwich Hour Angle (GHA)
(2%)
from the Nautical Almanac v -X
C. Subtract from the GHA, the west longitude of the test site,
producing a Local Hour Angle (LHA).
D. Look up the sun's declination in the Solar Ephemeris ^'.
E. Determine the test site latitude to the nearest degree. (Lati
tude and longitude were obtained from a Department of the In
terior Geological Survey
'
''J
F. Enter the Sight Reduction Tables '2*^ with the LHA, latitude,
and sun declination to produce the calculated value of the
sun's altitude and azimuth.
Background information and actual calculations used in determining
the solar altitudes is outlined in Appendix VI.
(18)
Trial experiments in the field placed a lower limit of
12
on the
sun's altitude because shadows from the individual particles started creeping
in at lower altitudes.
Another trial experiment was performed to see how much time could
expire before the changes in the sun's position produced a noticeable change in
the meter readings. The maximum allowable time was 10 minutes.
9. Determination of Viewing Positions
Due to the limitations on the size of the experiment, only viewing
positions in two vertical planes were considered. As mentioned previously,
these planes were 000 - 180 and 120 - 300, with two angles in each quadrant
and a common normal.
In order to easily locate the different angles in the field, the
25
and 57 angles were divided into their X and Y components. Refer to Figure
13. The X component was measured out horizontally from the center of each site
and marked on boards. These boards had been placed on stakes along the string
lines and leveled with the top edge of the boxes. Refer to the second picture
of each site. Instead of measuring the Y component every time a measurement was
needed, the tripod was calibrated on its tiltable table in the laboratory by
marking
25 (lower limit of tripod) and
57
angles on its mount.
To make a measurement in the field, the front bar of the tripod -was
placed at the X distance mark on the board and the following steps performed:
A. Tripod table set in horizontal position as indicated by the
calibrated mount.
B. Tripod leveled to a horizontal position by looking at a car
penter's level fastened to the mount and adjusting the tripod
legs.
C. Tripod table was then tilted to the desired angle as indicated
by the calibrated mount.
Fig. 13
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D. Tripod table raised up or down until the sights on the tele
scope head were centered on the box.
This procedure was followed for each viewing position. Picture 2
shows the tripod set up to make measurements at 25, 57, and normal.
10. Definition of Atmospheric Conditions
As was stated in the experimental design, experimentation was
carried out under two atmospheric conditions - clear sky and overcast sky.
Since the judgement of the sky conditions would be a visual judgement, informa
tion from the U.S. Weather Bureau ^2' and Bowditch '3'*was obtained to help
in defining which two sky conditions would be repeatable over several days.
From information in the cloud charts, the following two definitions of sky con
ditions were most suitable for making measurements :
A. Clear Sky - Hazeless clear blue sky following the passing of a cold
front .
B. Overcast Sky - Solar disk completely obscured by continuous cloud
cover resulting in no visible shadows on the ground.
Since all the measurements could not be made on the same day, the
standard surface was measured each day in order to use days that were most
nearly alike. This single measurement was not sufficient for the overcast sky
because the clouds were moving. So a Weston Master V was mounted to the tripod
table to help in judging the "sameness" of the sky. With the overcast sky
changing continuously, a portable tape recorder was incorporated to help make
the measuring time as short as possible.
11. Trial Experimental Runs
Three separate trial runs were made to establish an estimate of
the standard deviation (fi) in the experimental procedure, and to see if all the
required measurements could be made in the required amount of time. A Fisher F
test was performed on the largest and smallest sample variances for the three
(20)
samples. The test showed no significant difference, so the variances from
n, , n_, and n, samples were pooled according to the formula,
i^ + n2 + n,
Values obtained were:
Blue Green I Red
, \L - D^!2 * (ng - 1)J>22 * (n3 -1)X
n_ n+ - 3
a 0.23 c"703 0.8U
rp i I
Ordinarily, one would use this J> , plus the ^ and p risk, and
*
difference to be detected & to calculate sample size (n), but in a factorial
design the sample size is set, so the sensitivity (<0 was calculated. Values
obtained from the formula,
.2 , .2
2 (*v2 -^) (/p)
6 5 were:
Blue Green
1.3
Red
.03.01
These values were derived from data collected on the same day from
three surfaces irradiated by a clear sky.
12. Data Collection
To make best use of available time and to keep the measurements as
close to June 21 as possible, the choice between which sky condition to begin
with was not selected at random, but when the clear sky condition appeared first,
that experiment was begun.
The sky conditions were checked each morning at 6 o'clock to see if
the day would be suitable for making measurements. If suitable, the tripod would
be set up and the photometer turned on and warmed up in anticipation of conqDieting
a full day's measurements. Adjustments in the times when the required solar al
titudes would appear, due to changes in the sun's declination, were computed
using Appendix VI. Since the solar altitudes were taken in sequence, an agenda
was set up for the entire day listing the order in which the surfaces and viewing
positions for each surface would be taken as prescribed by the randomized list.
Picture 1
Modified 700 M Photometer and Tripod
Picture 2
Tripod Set-up at 25*57,*and Normal Viewing Angles
2
5'
90*
57
Picture 3
Site 1 -Globe Arborvitae
Pic ture 4
Site 2 - New York Dark Limestone
>
,J$^ki
J?
Picture 5
Site 3 - KentucKy Bluegrass
Picture 6
Site 4 - New YorK Farm Soil
Pict u re 7
Site 5 - LaKe Ontario Beach Sand
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Five minutes before the site acquisition time***, the tripod with
attached instrumentation was set up at the first viewing position for a par
ticular surface (site). The required tripod adjustments and meter- calibrations
were performed before the table was tilted to the proper angle and raised until
the center of the site was in the telescope sights. The interference filters
were cleaned and placed in their holders on the tripod. At acquisition time,
the IX, 10X, and 100X scales on the 700M photometer were zeroed. An interference
filter (selected at random from the set of three) was placed in the holder on
the telescope head, and the attenuator opened up. The proper meter scale was
then selected, reading made and recorded, and attenuator closed. Zero positions
were again checked and the procedure repeated for the other two filters. After
a meter reading was obtained with each filter, the entire process was performed
over and over again until all nine viewing positions were completed. During the
entire data collecting period the sky was watched for any visible changes. If
the series was interrupted by a change in sky conditions, the entire series was
repeated.
A direct estimate of experimental error was obtained by replicating
treatment combinations. The combinations to be replicated were not selected
completely at random because of the desire to replicate at every solar altitude.
Therefore, only those combinations at each solar altitude were placed in a hat,
and several choices selected at random.
DATA REDUCTION
Reduction of the raw data collected in the field was not as simple
as was anticipated. In order to compare the magnitudes of the radiance vectors
for the three spectral regions the raw data (meter readings) had to be normalized.
Before normalizing factors could be applied to the raw data, it was necessary to
perform a system's analysis on the optical system.
*-** Site Acquisition Time - Five minutes prior to the calculated time of de
sired solar altitude.
(22)
To determine the system's integrated response for each interference
filter, an Eastman Kodak computer program '3D ^g use(i which evaluated the
following integral:
A= 700
Response
A = ^ ^
= \ IMxT1^2xR^d\
J\ 300
(32)
where w,\ = Normalized Energy Distribution T2 - % Transmittance of
of daylight (clear or overcast sky). telescope lens.
Tl " % Transmittance of interference R = Normalized Response
filter. . of 931A photomultiplier
tube.
dA = 5 nm increments.
The program took the area in each 5 nm increment and divided it by
the total area under the response curve to produce a normalized response curve
relating the % of energy detected in each 5 nm increment. The system bandwidth
for each filter was defined at the 1% response points.
Evaluation of the normalized response curves, Figures lit, 15, 16, 17,
18, and 19, showed that the system was insensitive to changes in the energy dis
tribution of the source used (clear sky or overcast sky) and that the system was
passing radiation in the near blue region for all three interference filters.
However, for the hhl and 536 filters the undesirable radiation was only 1% over
a 10 nm range and was considered insignificant. This was not the case for the
GhS filter.
In order to adjust the raw data obtained with the 61*5 filter in the
system, the following procedure was used.
The optical system with the 61*5 filter in place was subjected to
sources of different energy distributions (in the computer) and the normalized
response evaluated. The normalized curves changed very little, so the raw data
was adjusted by the following constant,
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iA- 360
j 0ATl*T2ARAdA (area in near blue region)
fA- 655
\ U>a T0AT2iRidA (area in near blue and red region)
JA- 315
The integrals were evaluated using a planimeter and the computer
program. The two did not quite agree. The computer gave a value of K .25
and the planimeter gave a value of K - .20 for both clear and overcast sky.
The planimeter value was considered more accurate since four separate measure
ments gave the same value and because the computer averaged each 5 nm increment.
The areas under each response curve, excluding the near blue region,
were normalized to the area under the response curve for the hhl filter. These
normalization constants were:
Clear Sky Overcast Sky
NB 1.0 Blue NB 1.0 Blue
NG 1.1 Green NG 1.2 Green
NR 17.0 Red NR 20.0 Red
To calculate the response variable, radiance vector magnitude, for
each wavelength band, the following formulas were evaluated with a computer pro
gram for each atmospheric condition:
Relative Magnitude (HLue) raw data (meter reading) X Ng
Relative Magnitude (Green) raw data (meter reading) I NQ
Relative Magnitude (Red) = raw data (meter reading) X N^ X K
The response variable, % Reflectance, was calculated by using the
same equations. The raw data in this case were the average meter readings for
each set of clear and overcast days from the baryta standard, with the normalizing
constants remaining the same. These values were then ratioed with the radiance
vector magnitudes from the test surfaces using the following equation:
^ Radiance vector magnitude (Test surface) ^% Reflectance - Radianc vector magnitude (Baryta Standard) x % Reflectance X 100
of Standard
(2k)
This value was only calculated at the
69
solar altitude. Refer to
Appendix VII for table of response variables.
In the analysis of the optical system, the following performance
values were noted:
Filter Band Width (1%) Response at Peak A (5 nm) Relative Area
hhl 60 nm 23* 62.57
536 100 nm lk% 56.80
ow|_61*5 110 nm 6% 3.72
b
p
to
*
..
<D CC
Ui 60 nm
536 100 nm
6U5 110 nm
231 1.320
lh% . 1.070
6% 0.06U
An attempt was made to convert the relative values of radiance into
absolute values but wa3 considered not to be feasible. This was due to lack of
knowledge of:
1. Stability of photomultiplier dynode voltage.
2. Normalization constant of 931A response curve.
3. Cathode sensitivity as a function of position.
h* Stability of photomultiplier as a function of temperature.
5. Exact geometry of optical system.
6. Noise in the system.
7. Variability in measurement of spectral quality of system
components.
RESULTS
1. Statistical Analysis
After the data had been collected for each of the treatment com
binations during the clear and overcast sky conditions, additional replicated
data was also collected throughout each design. Being pressed for time due to
the continuously changing declination of the sun, each design was only partially
replicated.
Evaluation of the variances computed from the replicated treatment
(25)
combinations led to the decision that within each of the six individual designs
the variances were significantly different. Refer to Figures 20, 21, and 22
for histograms of the variances. This difference in variability was due to the
considerable differences in magnitude and range of the observations for each
type of terrain. Digging into the data for each design, a conclusion was reached
that there were two factors leading to the large range of variability values:
1. The tremendous difference in percent reflectance for each type
of terrain led to the great range of magnitudes between the
terrain types. For example, 5$ reflectance from the Globe
Arborvitae compared to 30$ reflectance for the Lake Ontario
Beach Sand.
2. The precision of the 700M Photometer came into play as the
limiting factor for the "fineness" of measurement because all
of the meter readings could not be made at the same scale
selection. For example, meter readings of 20 and 21 on the
IX scale would produce a variance of 0.5, whereby meter read
ings of 20 and 21 on the 100X scale would produce a variance
of 50.0. These values are without any experimental error due
to operator or changes in factors that were assumed constant.
Statistically, this difference in percent reflectance for each type
of terrain insured a significant difference in response for the different terrain
types independent of variations in solar altitude and viewing position. Refer to
Graphs 31 thru 60 for percent reflectances of the different types of terrain.
Therefore, it was concluded that the input variables, solar altitude and viewing
position, were really nested in terrain type. With this situation apparent, it
would not be valid to continue with an Analysis of Variance technique even if the
variances were homogeneous.
A graphical analysis of the data showed the levels of terrain type
and solar altitude to be significantly different, but it was not always visually
apparent if the levels of viewing position were significantly different. Further
more, in the visual judgement, the effect of experimental error was not taken
into account.
In order to make statistical decisions about the effect of wave
length, atmospheric conditions, solar altitude, and viewing position, an evalua-
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tion of the variances showed that they were almost the same for those replica
tions within each type of terrain. Therefore, confidence intervals were cal
culated for the data within each type of terrain based on the assumption that
the pooled standard deviations of the replications within each type of terrain
would be a good estimate of its population or. Refer to Appendix VIII for cal
culation of the confidence intervals.
To make the decision as to whether the response variables were sig
nificantly different within the nine levels of viewing position for any combina
tion of atmospheric condition, wavelength band, solar altitude, and terrain type,
the confidence interval comparison test was performed. If a value for response
fell outside the plus Or minus limits of the confidence interval, the factor
viewing position was considered significant. The results of this test are pre
sented in Figure 23. If the reader does not agree with this technique, he will
have to base his judgements on visual evaluation of the graphs. However, the
author must concede that this statistical evaluation was made on a very limited
sample size where calculations are based on assumptions.
2. Graphical Analysis
As has been stated previously, if the five types of terrain in
vestigated are to be considered Lambertian, the magnitude of the radiance vectors
should be equal at each of the five solar altitudes, and a polar plot, ideally,
should outline a hemisphere.
To visually determine if the five different types of terrain were
Lambertian and to evaluate the effect of atmospheric conditions, wavelength band,
solar altitude, and viewing position on the magnitude of the radiance vectors,
the data was graphed, and is presented to the reader in Graphs 1 thru 60. Graphs
1 thru 30 are plots of the magnitude of the radiance vectors that were measured
in each vertical plane for the different types of terrain. Graphs 31 thru 60
are polar plots of percent reflectance values measured at a solar altitude of
69
for each type of terrain.
Figure 23
Results of the Confidence Interval Test
Clear Sky Overcast Sky
Significant Significant
Wave Difference Wave Difference
Type of length Solar in Viewing Type of length Solar in Viewing
Terrain Band Altitude Position Terrain Band Altitude Position
Blue 12 yes Blue 12 no
Globe hO yes Globe ho no
Arbor 69 yes Arbor 69 no
vitae hO yes vitae ho no
12 yes 12 no
Green 12 yes Green 12 no
UO yes ho no
69 yes * 69 no
ho yes ho no
12 yes 12 no
Red 12 yes Red 12 no
ho yes ho no
69 yes 69 no
UO yes ho no
12 yes 12 no
Blue 12 no Blue 12 no
N.Y. ho yes N.Y. ho yes
Dark 69 yes Dark 69 yes
Lime ho yes Lime ho no
stone 12 no stone 12 no
Green 12 yes Green 12 no
ho yes ho yes
69 yes 69 yes
ho yes ho no
12 yes 12 no
Red 12 no Red 12 no
ho yes ho yes
69 yes 69 yes
ho yes ho no
12 yes 12 no
HLue 12 yes Blue 12 no
Ken ho yes Ken ho no
tucky 69 yes tucky 69 yes
Blue- ho yes HLue- ho yes
grass 12 yes grass 12 no
Green 12 yes Green 12 no
ho yes ho no
69 yes 69 yes
ho yes , hO yes
12 yes 12 no
Red 12 yes Red 12 no
ho yes ho no
69 yes 69 yes
ho yes ho yes
12 yes 12 no
Figure 23 con't.
Clear Sky
Significant
Overcast Sky
Significant
Wave Difference Wave Difference
Type of length Solar in Viewing Type of length Solar in Viewing
Terrain Band Altitude Position Terrain Band Altitude Position
Blue 12 no Blue 12 no
N.Y. ho no N.Y. ho no
Farm 69 no Farm 69 yes
Soil ho no Soil ho no
12 no 12 no
Green 12 yes Green 12 no
ho yes ho yes
69 yes 69 yes
ho yes ho no
12 yes
*
12 no
Red 12 no Red 12 no
ho yes ho yes
69 yes 69 yes
ho yes ho no
12 no 12 no
Blue 12 no Blue 12 no
Lake ho yes Lake ho yes
Ontario 69 yes Ontario 69 yes
Beach ho yes Beach ho no
Sand 12 yes Sand 12 no
Green 12 no Green 12 no
ho yes ho yes
69 yes 69 yes
ho yes ho no
12 yes 12 no
Red 12 no Red 12 no
ho yes ho yes
69 no 69 yes
ho no ho no
12 yes 12 no
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To enable the reader to visualize as easily as possible what is
happening 3-dimensionally at the surface of each type of terrain as changes in
the levels of the input variables affect the response, each vertical plane was
graphed on the same graph, but independent of each other. To produce a visual
picture, the reader must imagine a horizontal surface composed of the type of
terrain represented by the graph. Next, he must fix in his mind the position of
the sun, and then try to visualize a 3-dimensional surface as dictated by the
two vertical planes. Selection of different radiance vector magnitudes for the
same viewing angle in both planes will tell the reader how the 3-dimensional
surface is modified by the different levels of the input variables. A quick
idea of what the 3-dimensional surface looks like for each terrain can be ob
tained by visually putting together the two planes in each graph of Graphs 31
thru 60.
A. Effect of Wavelength
a. Measurements Under a Clear Sky
A visual judgement of the curves in Graphs 1 thru 15 indicated
the radiometric function for each type of terrain was independent of wavelength
band. However, there were five cases where red light curves were different from
their corresponding blue and green light curves, and one case where a blue light
curve was different from its corresponding green and red light curves. Graph 3
(Globe Arborvitae) showed a larger radiance vector at the
25
viewing angle and
then a sudden dip at the 57 viewing angle in the
300 azimuth position for an
ascending solar altitude of h0. Graph 3 also showed an increase in the radiance
vector at the
25
viewing angle in the
120
azimuth position for solar altitudes
of
12
ascending and
h0
and
12 descending. Graph 6 (N.Y. Dark Limestone) in
dicated the same increase at
25
and dip at
57 in the 300 azimuth position for
an ascending solar altitude of h0. Graph 9 (Kentucky Bluegrass) also showed
this same rise and dip in the
300
azimuth position for the ascending solar al
titudes of
12
and h0. Graph 10 (N.Y. Farm Soil) showed a tremendous decrease
(28)
in the blue radiance vectors for the 25 and 57 viewing angles in the
300
azimuth position for a descending solar altitude of h0.
b. Measurements Under an Overcast Sky
A visual judgement of the curves in Graphs 16 thru 30 indi
cated the radiometric function for each type of terrain was independent of
wavelength band. However, Graph 18 (Globe Arborvitae) did show the same in
crease in radiance vector at the 25 viewing angle in the
300
azimuth position
for an ascending solar altitude of hO , and a decrease in the radiance vector at
the 57 viewing angle in the
300
azimuth position for a descending solar alti
tude of 12.
In the cases where the red radiance vectors did not agree with
the blue and green vectors, the longer wavelengths seem to be forward scattering
for a longer period of time at the lower solar altitudes. An explanation for the
dip in the radiance vectors at the 57 viewing angle is that the surface is for
ward and/or back scattering in very small cones.
No real explanation can be given for the decrease in the blue
radiance vectors in Graph 10, except that the sky may have increased in haze
without it becoming apparent to the eye.
B. Characteristics of the Different Types of Terrain
a. Measurements Under a Clear Sky (Specular Irradiance)
1. Globe Arborvitae - Statistical and graphical evidence showed
this type of surface to be non-Lambertian for all solar altitudes investigated.
At the 12 ascending solar altitude it was a broad forward scatterer, but when
the sun reached the h0 ascending solar altitude, it switched to a sharp back
scatterer and remained this way throughout the day. At the
12
descending solar
altitude it again approached the broad forward scattering.
At the low solar altitudes the incident radiation was being re
flected from the rather flat edges of the top leaves. But when the sun climbed
(29)
high enough, the incident radiation was now being trapped by the inner structure
of the plant's leaves and returned back toward the sun or absorbed by the plant.
2. N.Y. Dark Limestone - Statistical and graphical evidence
indicated that this type of surface was Lambertian at the
12
ascending solar
altitude and nearly Lambertian at the
12 descending solar altitude. At the
other higher solar altitudes, the surface was non-Lambertian, and back scattered
sharply at the
h0
solar altitudes but rather broadly at the 69 solar altitude.
At the low solar altitudes the incident radiation was reflected
from the uneven top surfaces of the individual pieces and scattered in all di
rections, but once the sun got high enough so the incident radiation was trapped
in the interior structure of the irregular pieces, the internal reflections were
such that the scattered radiation was directional.
3. Kentucky Bluegrass - Statistical and graphical evidence
showed this type of surface to be non-Lambertian at all solar altitudes. At the
12
ascending and descending solar altitudes it was both forward and back scatter
ing in narrow cones, but when the sun reached h0, it switched to a sharp back
scatterer. This pattern became broader when the sun reached 69
The same analysis was used here as for the Globe Arborvitae.
h. N.Y. Farm Soil - Statistical and graphical evidence did not
agree for this surface. The graphical analysis will be presented here because
the difference are felt to be real.
This type of surface appears to be Lambertian for the
12
ascending solar altitude and approximately Lambertian for the 12 descending
solar altitude. At the higher solar altitudes, the surface was non-Lambertian
and back scattered sharply.
The same analysis was used here as for the N.Y. Dark Lime
stone.
5. Lake Ontario Beach Sand - Statistical and graphical evidence
indicated that this type of surface was Lambertian for the 12 ascending solar
(30)
altitude but non-Lambertian for the remaining solar altitudes. This sand
sample did not scatter radiation as the previous types of terrain did. For a
particular viewing angle it approximately scattered the same in all azimuths,
with the magnitudes of the radiance vectors being about equal for viewing angles
57
and
90
and the largest at the
25
angle. If photography was taken above a
viewing position of 25, this type of material could be assumed Lambertian.
The same analysis for scattering was used here as for the
N.Y. Dark Limestone.
b. Measurement Under an Overcast Sky (Diffuse Irradiance)
1. Globe Arborvitae - Statistical evidence indicated that
under this type of irradiance this surface was Lambertian. Graphical analysis
indicated that it was still non-Lambertian. It appeared to be still back scatter
ing toward the sun even though the solar disk was obscured. Most likely the
radiant intensity in the direction of the sun was greater although it wasn't
apparent to the eye.
2. N.Y. Dark Limestone - Statistical and graphical evidence
indicated that this surface was Lambertian for the 12 ascending and descending
solar altitudes. At the other solar altitudes it was non-Lambertian and had a
scattering pattern peculiar to each solar altitude. See Graphs 19, 20, and 21.
3. Kentucky Bluegrass - Statistical and graphical evidence
indicated that this surface was Lambertian for the
12
and
h0
ascending and
12
descending solar altitudes. At the other two solar altitudes, the surface
scattered sharply to the sides at the
25
viewing angle for all azimuths with
the lowest radiance value being at the normal viewing position.
h. N.Y. Farm Soil - Statistical and graphical evidence in
dicated that this surface was Lambertian for the 12 ascending and the
h0
and
12
descending solar altitudes. At the other solar altitudes it was non-Lambertian
and it also scattered to the sides.
(31)
5. Lake Ontario Beach Sand - Statistical and graphical evidence
indicated that this surface was Lambertian for the
12
ascending and the hO and
12 descending solar altitudes. At the other solar altitudes, where the surface
was non-Lambertian, it also scattered to the sides.
C. Effect of Changes in Solar Altitude
During the clear sky conditions, the radiometric function for each
surface was different for each solar altitude. The different surfaces approxi
mated Lambertian surfaces at low solar altitudes and became non-Lambertian at
the higher solar altitudes. Since the different types of terrain had different
scattering patterns with changes in the solar altitude, as shown in the graphs,
when one speaks of the radiometric function, he must also define the position of
the irradiating source in reference to the observer.
D. Effect of Changes in Atmospheric Conditions
When the irradiance was changed from a specular source (clear sky)
to a diffuse source (overcast sky) the shape of the radiometric function also
changed. This change in irradiance caused the scattering patterns of the different
terrains to change. Under a clear sky the scattering patterns were quite direc
tional and unique to each type of terrain. However, under an overcast sky, the
scattering patterns were changed to side scattering near the surface with the
lowest value of radiance usually at the normal. The patterns were almost the
same for all the different types of terrain.
E. Shape of Radiometric Function
In order to tie in my data with data already published, I computed
the ratio of radiance reflected from the terrain sample to that reflected from a
Baryta Standard surface for each viewing position at a solar altitude of 69 and
converted these ratios to percent reflectance. The values of percent reflectance
are presented in Graphs 31 thru 60 for all three wavelength bands and both at
mospheric conditions.
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For those cases where the surfaces were Lambertian, the shape of
the radiometric function was symmetrical about the normal. But when the sur
faces were non-Lambertian, this was not the case. The graphs for the different
types of terrain, irradiated by a clear sky, showed the radiometric function to
be unsymmetrical due to the different scattering patterns for terrain type.
However, in the case where those terrain types were irradiated by an overcast
sky, the non-Lambertian surfaces produced a radiometric function that could be
considered symmetrical about the normal.
Jfy values of percent reflectance were in quite good agreement with
those published by Nickerson '33)#
RECOMMENDATIONS FOR FUTURE WORK
Using a modified photometer, the normalized radiance and percent
reflectance data presented in this paper for five types of terrain were obtained
in the field under two atmospheric conditions and three wavelength bands. Al
though the experiment was limited in scope, it was considered a maximum effort
due to the limited tijrte and available equipment. However, even if the experiment
was limited, this author believes the data presented in this paper will be of
benefit to scientists and engineers who have the task of predicting exposure
values and design criteria for automatic and manual photographic systems which
operate at specified solar altitudes and take photographs of specified targets
during variable weather conditions. Knowledge of the radiometric function will
also help researchers more accurately evaluate atmospheric constants, such as;
haze radiance, atmospheric transmission, etc., b\j not having to use an average
value in their transfer equations.
Using hindsight, this author believes the following recommendations
should be made in any future work to increase the scope of the experiment and to
decrease the variability.
(33)
1. Selection of instrumentation is very important. Rather than use
a single photomultiplier tube to measure across the spectrum, a
different one should be used for each narrow wavelength band
under investigation, with the tube's peak sensitivity at the peak
of the waveband. If photomultipliers are used as receivers, special
attention should be given to an optical system analysis in order to
select the proper blocking filters to eliminate the detection of
unwanted radiation, and to make the wavelength bands as narrow and
as high in response as possible.
The photometer should be replaced with some type of radiometer to
help eliminate the variability in the data caused by the instability
of the photomultiplier tube. Furthermore, to make measuring time as
short and as variable free as possible, the instrument needs to be
self-recording and capable of switching to different wavelength
bands automatically.
2. Since the different input variables were concluded to be nested in
terrain type, enough radiometers should be obtained, so one could
be placed at each desired viewing position; thus, helping to elimi
nate the variability in setting up the instrument over and over
again the same way each time.
3. Only one type of terrain should be investigated at a time, unless
a large amount of equipment is available, with all treatment com
binations being completed during a single day to eliminate day to
day variability.
U. A preliminary experiment needs to be completed before any more data
is collected to determine the changes in absorbtivity of the terrain
with changes in surface wetness. With this data, one could more
accurately predict the percent reflectance values that should be ob
tained.
(3k)
5. Set up instrumentation to monitor the irradiance of the sky to try
to decrease the variability caused by changing haze levels that
are not visible to the eye, and especially, to help make measure
ments at constant irradiance levels during overcast and partly
cloudy skies.
6. Recommend this type of experiment be broadened for each type of
terrain by investigating:
(l) The effect of seasonal changes on percent reflectance and the
radiometric function.
*
(2) Explore the effects of changes in levels of cloud density on
the shape of the radiance envelope.
(3) Verify the results of this experiment by making measurements
from more viewing positions in more vertical planes.
(h) Investigate different orientations of the surface.
(5>) Broaden the experiment by including a greater variety of ter
rain types.
(6) Evaluate a greater number of wavelength bands.
CONCLUSIONS
1. The factorial experimental design used in this experiment was not
entirely satisfactory. Evaluation of the results showed a wide range in the
values of percent reflectance between the different types of terrain. Conse
quently, a nested experimental design should have been chosen with the input
variables, solar altitude and viewing position, nested in terrain type.
2. There was considerable variability in the data due to:
(1) A limited number of replications and the value for^ cal
culated from a sample size of two.
(2) Photometer precision of $%, with a photomultiplier tube
and DC amplifier whose stability decreased with temperature .
(3) Changes in the factors, surface wetness, incident irradiance,
and spectral quality of daylight for clear and overcast
skies, which were assumed constant.
(k) Changes in atmospheric conditions that were not detectable
with the human eye.
(35)
This variability limited the use of statistical techniques in
analyzing the data.
3. The 700M Photometer was not entirely satisfactory for making
measurements across the spectrum because it had only one photomultiplier tube
whose peak sensitivity was at hkO nm. This resulted in the low peak for op
tical system response at 6h5 nm. However, this was the only instrument that
was available for field use.
h> For data collected during clear sky conditions, N.Y. Dark Lime
stone, N.Y. Fann Soil, and Lake Ontario Beach Sand were Lambertian at the 12
ascending and descending solar altitudes, but the Globe Arborvitae and Kentucky
Bluegrass were not. For solar altitudes of U0 and above, all five surfaces
were non-Lambertian.
At the 12 solar altitude, the Globe Arborvitae and Kentucky KLue-
grass back scattered and forward scattered at viewing angles of 25. The Globe
Arborvitae, N.Y. Dark Limestone, Kentucky Bluegrass, and N.Y. Farm Soil were all
sharp back scatters, and the Lake Ontario Beach Sand was a side scatterer in all
directions at U0 solar altitudes and above. At viewing angles above 2^, the
Lake Ontario Beach Sand could be considered Lambertian at all solar altitudes.
5. For data collected during overcast sky conditions, all five sur
faces seemed to have their own pattern of reflection for this type of diffuse
irradiance. The Globe Arborvitae was again non-Lambertian at all solar alti
tudes. It scattered forward and backward at the
12
solar altitudes and sharply
back scattered at solar altitudes of
U0
and above. The N.Y. Dark Limestone was
Lambertian at the 12 ascending and descending solar altitudes, and was non-
Lambertian at the 12 and U0 ascending and 12 descending solar altitudes and
non-Lambertian at the other two solar altitudes producing a side-scattering
pattern in all directions. The N.Y. Farm Soil and Lake Ontario Beach Sand sur
faces were Lambertian at the 12 ascending and
u0 and
12 descending solar al-
(36)
titudes, and non-Lambertian at the other two solar altitudes. They also side
scattered in all directions.
6. Data collected during clear and overcast skies, indicated by
visual judgement that the radiometric function was independent of wavelength
for the three wavelength band tested. However, there were cases when the three
radiometric functions for a particular type of terrain did not match for each
wavelength band. Analysis from the curves in the results section showed the
red wavelength band to be still forward scattering up to a solar altitude of
U0
ascending and descending for the Globe Arborvitae, N.Y. Dark Limestone, and
Kentucky Bluegrass. These longer wavelengths are most likely being reflected
from the top surface of each terrain's macrostructure longer than either the
blue or green wavelengths.
7. It was possible to semi-develop the shape of the radiance envelope
for all three wavelength bands by plotting the percent reflectance values for
each type of terrain on polar graph paper. Refer to Graphs 31 thru 60.
8. There was a real difference in the radiometric function as the
solar altitudes changed due to the different scattering pattern for each type
of terrain. Consequently, to define the radiometric function, one must know the
positions of the sun in relationship to the observer.
9. There was a real difference in the radiometric function as the at
mospheric conditions changed from clear sky to overcast sky. This change from
specular to diffuse irradiance produced a change in the scattering patterns of
each type of terrain, thereby changing their radiometric function. Under a clear
sky the scattering patterns were directional, but under an overcast sky, the
scattering patterns changed to side scatter in all directions. The thing to note
here is that the radiance vector along the normal was seldom the largest value,
and during an overcast sky condition, it was usually the smallest.
10. The author believes a person would be in error if he assumed these
(37)
five types of terrain approximated Lambertian surfaces. Even for small angles
from the normal, they wouldn't make good approximations. Consequently, a per
son must carefully consider the geometry of the taking situation before evaluating
the necessary photographic parameters, and to prevent placing the observer in the
same plane as the sun with the sun's irradiance coming in over the observer's
shoulder.
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APPENDIX I
The Lambertian Surface
For a Lambertian surface, the intensity of the extended source is
a function of the direction in which it is measured. By definition, it varies
as the cosine of the angle from the normal. Therefore,
i(e) - i0cos e
where I_ is the intensity of the extended source in a direction normal to the
surface.
The radiance, N, for such a surface is found by dividing the radiant
intensity by the projected area of the surface as seen by the receiver. Hence,
I_ cos 0 I0o o wattsN - v ( "axwo vdA. cos dA v steradian-area '
Note that N is independent of 9 for the Lambertian radiator.
To find the total number of watts emitted by a surface element,
dA3, of the Lambertian radiator, the intensity of the element is found and in
tegrated over the solid angle formed by a hemisphere centered at the element.
2*rs/4,
To do this, the integral, Flux - F -J I d-A.
is evaluated. The area element, dA, will be a ring of width r . d^ and length
2#r.sin^on the spherical surface centered at the point source. The intensity
value, I, is replaced by NdA coaX, and the integration carried out for^ 90
Hence,
NdA-cos^ 2J7r sin^A . r d/
(39)
foF=2flfldAs C ooa^B0^^
F - 2^IdAs(|sinA)
F = 2|fodA(l)
1
90
0
F = fin dAa (watts)
To know the total number of watts emitted per unit area of
source, R+, we find,
h " dA^
" *N
(E*i) 4++s area emitted
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LAYOUT OF EXPERIMENTAL DESIGN
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APPENDIX III
Mercury Battery Data
The primary voltage reference in the 700M Photometer when operated
in the battery mode was three mercuiy reference batteries.
Characteristics of the Mercury Electrochemical Cell
1. High capacity-to-volume ratio resulting in several times the capacity of
other primary cells with the same volume.
2. Flat discharge characteristics.
3. Higher sustained voltage under load.
k. Relatively constant amphere-hour capacity.
5. Low and substantially constant internal impedance.
6. No recuperation required. Therefore, the same capacity is obtained in
either intermittent or continuous usage.
7. Excellent shelf life.
8. Good high temperature characteristics.
9. Good resistance to shock, vibration, and acceleration.
10. Electrically welded intercell connections.
11. Single or double steel case encapsulation.
12. Chemically balanced - all the zinc is converted at end of life.
13. Automatic vent.
liu Less frequent replacement.
Performance
The amphere-hour capacity of the mercury cells are relatively un
changed with variation of discharge schedule and have a relatively flat dis
charge characteristic. Refer to Figure 2lu Mercury batteries are used widely
as secondary standards of voltage because of their higher order of voltage
maintenance and their ability to withstand mechanical and electrical abuses.
For use in radiation detectors, etc., these reference sources have these de
sirable features:
(k2)
1. Voltage stability vs. time - Over long periods of time, voltage
regulation within 0,5%, and for short periods of time, regulation
within 0.l.
2. Short-circuit currents - Momentary short circuits will cause no
permanent damage, with almost complete recovery of full open cir
cuit EMF within minutes.
3. Heavy load currents - High drains without can be obtained, and
recovery to full open circuit EMF is quite rapid.
These batteries have excellent shelf life. The service capacity
after one year of storage at 70F is more than 90^ of the capacity of the newly
made mercury battery.
The 1.35v cells are used for voltage reference sources for field
use and where higher than normal temperatures may be encountered. They can be
used up to 130F conditions, but they do not perform well below U0F.
Construction
The battery consists of a 100$ mercuric cathode, an anode of pure
amalgamated zinc, and a concentrated aqueous electrolyte of potassium hydroxide
saturated with zincate. Refer to Figure 25 for physical description of the
Figure 25
battery. I
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APPENDIX IV
Modification to Gamma Scientific 700M Photometer
Telescope Head 700-2
In order to change the 12 ft. fixed focus distance to 6 ft. so
the telescope head could be used in this experiment, it was necessary to
modify the head by moving the aperture further away from the lens. Since the
aperture was being changed, I decided to increase the size of the aperture
hole at the same time to allow the instrument to integrate over a 6 in. circle.
The telescope head consisted of only a single f/3.0 thin lens with
a 3 in. focal length. To calculate the required changes, I used Newton's thin
lens equations,
1+1=1
s y
where s = Distance from object to lens,
s' = Distance from lens to image.
M = Magnification
y = Object height
y' = Image height
x x' = f
Focal length.
x1 = Distance from secondary
focal point (f) to
image.
x = Distance from primary
focal point (f ) to
object.
-***
fy
Object Lens Image
To determine how large an aperture hold was necessary to produce
a 6 in. circle on the ground, the following calculations were made:
M - 3.13 - 0.01*3 y1 - (0.0U3) (3)
y' = 0.129 in.
1 + - 1
72 s' 3 72.0
216 + 3s - 72s'
s' - 3.13 in.
(hk)
The decision was made to let y1 - 0.125 and to drill a 1 in. hole for the
aperture opening.
In constructing the aperture, pieces of aluminum and brass stock
were obtained from the R.I.T. Mechanical Department. With the help of J. Carson,
the aluminum stock was milled down into a 1 13 in. cylinder and squared. A 5 in.
hole was drilled through the center of the cylinder and a 3 in. inset was milled
k
0.087 in. deep into one end.
A piece of brass was milled down to 3 in. in diameter and cut off
H
0.087 in. in width. In this piece, a 1 in. hole was drilled in the center. The
piece was smoothed and then glued into the inset. The aperture was now the proper
diameter to fit into the telescope head, but it needed to be cut down in length.
To determine the proper length, the telescope head was mounted on
the optical bench without any aperture in place and the focal plane was located
by autocollimation. The distance from the inside edge of the aperture seat to
the focal plane was 5 in.
1"
I 4 I
i-1 r
Using Newton's equation, x x1 = f , x' was determined:
x -
(3)2
T9
x' - 0.130
Letting x' - 1 in. (the distance from the focal plane to the image), the re
's
quired length for the aperture was now:
5 + 1 - 7 - 0.1*37 in.
15 B 15
(2*5)
The total overall length was now 0.1*37 + 0.087 * 0.521* in.
.sxi
T I
_.0*7
.131
The entire aperture was sprayed with matte black paint to elimi
nate specular reflections. This aperture was then placed in the telescopic
head to replace the company's aperture.
ROCHESTER INSTITUTE OF TEeHN0t86Y tIBRHR*
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APPENDIX V
Linearity Check of 700M Photometer
Before the linearity check could be made, it was necessary to
build a suitable light source.
A SOLA Constant Voltage regulator was used to supply a constant
6.3vac to a Densichron tungsten bulb which was mounted onto an optical bench
stand. The SOLA was also placed on this stand to keep the wires as short as
possible. In an effort to approximate a "point source", a cardboard box was
placed around the bulb and the exit pupil being a hole drilled in the face of
the box the size of the bulb filament.
The photometer's photomultiplier tube was placed in its housing
and this housing was attached to an optical bench stand. It was made stationary
because it would have been difficult to move the photometer's electronics cabinet
along the bench. Therefore, the light source was moved instead.
To accurately locate the center of the bulb filament and the sur
face of the photomultiplier tube in relation to their stand pointers, a cor
rection factor was determined for each stand by using a 25 cm. transfer bar.
These correction factors were:
1. Add 0.006 m. to each light source calculated position.
2. Subtract 0.027 m. from the photomultiplier reference position.
To keep stray light and specular reflections from creating errors
in the photometer meter readings, light baffles were placed along the bench and
a black velvet screen was placed behind the light source to help eliminate wall
reflections. The experiment was also performed at night in a dark room.
Assuming that I had a valid setup which followed the inverse square
law, the linearity of the photometer was checked by observing how close the meter
readings followed the inverse square law. By accurate alignment, I assumed that
cos 0=1, and positions on the optical bench were calculated for the light source,
(1*7)
whereby, each successive meter reading should be twice the previous one.
make these calculations, the following derivation was used:
To
I
V
I
Let: E 2 a
^'^
11 --L
h. R2
2 V
*1
R2 = irT
Experiment
Scale Value on Meter
Position Optical Bench Reading % Error
1 0.256 ra 20 la 0.0 0.0
2 1.01*6 ra la 85 2.5 3.6
3 1.606 m 81* 170 2.1* 3.5
The light source was set at position 1 and the meter was arbitrarily
set at a value by using the neutral density attenuator. The light source was
then slit along the optical bench to positions 2 and 3. These were all the
positions available due to the length of the bench. The meter readings listed
above were the same for several trials.
Based on the evidence above, the photometer was considered linear
with + 5% precision. This value agreed with the manufacturer's specification.
Figure 26 is a diagram of the experimental setup on the optical
bench. ^t Souect Rg.^iS PJioibntuUpLiee 77he.
LijKV fcAT**U
ostir a I -n- .,
(1*8)
APPENDIX VI
Determination of Solar Altitude
Before geographical positions on the surface of the earth and the
positions of celestial bodies, such as the sun, could be compared, it was
necessary to have a coordinate system which included all bodies to be referenced.
To define a celestial coordinate system, it was necessary to define some ground
rules. Bowditch ^' related the following basic definitions:
1. The positions of the heavenly bodies are projected upon an
imaginary sphere of infinite radius, called 'the celestial
sphere, with its center at the center of the earth.
2. The radius of the celestial sphere being considered infinite.
3. Since this sphere does not exist, only relative directions
can be determined, but not their distances.
1*. The earth is considered to be stationary, and any apparent
motions east to west are considered to be actually performed
in the celestial sphere by the bodies themselves.
To locate points on the celestial sphere, the planes of the earth's meridians
and the equator are extended until they cut the celestial sphere in great circles
called the celestial meridians and equinoctial.
In this experiment it was necessary to know how high in the sky and
how far around from north the sun was. To determine these two parameters, it was
(35)
necessary to use the Horizon System of coordinates as outlined in Button's
Navigation and Nautical Astronomy.
Horizon System
The actual position of an observer on the surface of the earth is
projected into the celestial sphere to a point directly over his head called the
Zenith, and to a point called the Nadir directly beneath him on a straight line
passing through the center of the earth. If the observer looks out, he sees a
circle surrounding him where the earth and sky appear to meet. This line is
called the "sensible horizon", but it is not suitable for a coordinate system
(h9)
since it varies with the terrain. However, a suitable reference has been de
fined as the plane tangent to the earth's surface at the position of the observer
and perpendicular to the line connecting the Zenith and the Nadir, called the
"celestial horizon". Theoretically one-half of the celestial sphere exists above
the horizon, and in this hemisphere there exists two important vertical circles,
the principal vertical circle known as the observer's Meridian and the Prime
Vertical. The Meridian is a vertical plane which includes the observer and his
Zenith point, and cuts the horizon at the north and south points. The Prime
Vertical is a plane
90 to the Meridian and cuts the horizon at the east and west
points. Refer to Figure 27 for a diagram of the Horizon system.
A celestial body, such as the sun, must occupy a position on this
hemisphere if it is to be seen by the observer. Therefore, the position of the
sun in relation to the observer can be defined by two parameters, azimuth and
altitude. To define azimuth, a vertical circle is drawn through the Zenith and
the celestial body (sun). The angular distance, in degrees, from the north point
of the Meridian to the intersection of the vertical plane passing through the
celestial body at the horizon is the azimuth angle (measurement in a clockwise
direction). The altitude of the celestial body is just the angular distance, in
degrees, measured on the vertical circle passing through the celestial body up
ward from the horizon. This information would be all that was necessary if the
earth and celestial bodies remained stationary and the observer was always at
the poles. However, this is generally not the case. Refer to Figure 28 for
diagram of azimuth and altitude measurements.
The daily rotation of the earth upon its axis from west to east
causes the celestial bodies to rise in the east, climb to the Meridian, and set
in the west. This circle that the celestial body makes is called the Diurnal
circle, and is dependent on the observer's latitude and the declination of the
celestial body. Refer to Figure 30. In the usual case, the observer is neither
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at the pole nor the equator, but somewhere between. Therefore, the plane of the
horizon is oblique to the planes of the equinoctial and the diurnal circles.
Refer to Figure 29. An examination of Figure 29 shows why celestial bodies of
north declination rise northward of east and set northward of west. Since the
diurnal circle of any body is parallel to the equinoctial, whenever it is drawn
northward of the equinoctial, it must cut the horizon northward of the east and
west points.
With this background, it was now possible to understand how to cal
culate the sun's position in relationship to the observer.
First, the position of the observer had to be determined. In my
case this meant defining the location of the test plots at the new R.I.T. campus.
From the Genesee Junction Section of the Geological Survey Map ^ ' the position
of the test plots were 1*3 0l*' 30" N latitude and
77
39' 1*5" W longitude.
Second, the geographical position of the sun (point on the earth's surface which
the sun is over at a given time) was determined from the sun's Greenwich Hour
Angle (Angle at the Pole between the Meridian of Greenwich and the hour circle of
the sun) and its declination (angular distance of sun above the equinoctial).
The Greenwich Hour Angle (GHA) was obtained from the Nautical Almanac KJ,J by
using the Greenwich Mean Time (Local Civil Time plus 1* hrs.). Third, the sun's
declination was obtained from a Solar Ephemeris K ' . With the use of Sight
Reduction Tables v , I now had all the information necessary to calculate the
sun's altitude and azimuth for any local time during the day.
The following steps were performed to calculate the sun's azijtiuth
and altitude:
1. Decide on local time (LCT).
2. Add 1* hrs.
3. The above addition gave the Greenwich Mean Time (GMT).
1*. Using the Nautical Almanac, obtain the Greenwich Hour Angle (GHA).
Refer to Figure 31 and Figure 32.
5. Subtract an assumed longitude to obtain even degrees for Local
Hour Angle (LHA) above 69.
(51)
6. Obtain sun's declination (dec.) from Solar Ephemeris. Refer to
Figure 33.
7. Using the latitude to the nearest degree, sun's declination, and
LHA, obtain from the Sight Reduction Tables the calculated solar
azimuth and altitude. Refer to Figure 31*.
8. If the sun's declination was not even degrees, then the correction
from Figure 35 was added to the calculated value.
The following calculations were used to calculate each level of
solar altitude in the experimental design:
Calculations
(52)
Date 7-7-66
LCT
He
He
Az
?h A..m __s7 00 00
_m
Corr + 1* CO 00k
GMT
nh oo1" 00s
31*3 hQ.61 nh
00
GHA 31*3 1*8.6'
Long 1*8.6' W
LHA 266 00'
dec.
22 36.9' N
Eat 1*3 00' N
m
12
01' d(+l*0) Z(71)
Corr + 21*'
12
25'
N
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Fig. 31
JULY 6, 7. 8 (THURS., FRI., SAT.)
SUN MOON Lat. Twilight Sun Moonrlse
G.M.T. Naut. Civil rise 6 7 8 9
G.H.A. Dec. G.H.A. V Dec. d H.P. O h m h m h m h tn h m h m h m
d h or o ' 0 1 . 0 r , N72 CD O ? 23 27 23 17 23 04 22 36
6 oo 178 52-3 N22 44-3 259 32-1 11.5 N 5 28-1 10-6 57-7 N70 ? DJ ? 23 41 23 40 23 41 23 45
01 193 52-2 44-1 274 02-6 n-6 5 38-7 10*6 57-6 68 ? ? CD 23 52 23 58 24 07 00 07
02 208 52-1 43-8 288 33-2 n-6 5 49-3 10-5 57-6 66 1111 1111 00 56 24 02 00 02 00 12 00 27
03 223 52-0 43-6 303 03-8 n-6 5 59-8 10-4 57-6 64 1111 llll 01 53 24 10 00 10 00 24 00 4304 238 51-8 43-3 317 344 u-6 6 10-2 10-5 57-5 62 1111 1111 02 26 00 01 00 17 00 34 00 5705 253 51-7 43-1 332 05-0 n-6 6 20-7 10-3 57-5 60 1111 01 19 02 49 00 05 00 23 00 43 01 08
06 268 51-6 N22 42-8 346 35-6 n-6 N 6 31-0 10-4 57-5 N58 1111 01 58 03 08 00 08 00 28 00 51 01 18
T
07
T 08
H 09
283 51-5 42-6 1 06-2 11.7 6 414 10-3 57-5 . 56 mi 02 24 03 24 00 10 00 33 00 58 01 26
298 51-4 42-3 15 36-9 n-6 6 51-7 10-2 574 54 01 12 02 45 03 37 00 13 00 37 01 04 01 34
313 51-3 42-1 30 07-5 11.7 7 01-9 10O 574 52 01 48 03 01 03 49 00 15 00 41 01 09 01 41
U 10 328 51-2 41-8 44 38-2 n-6 7 12-2 10-1 574 50 02 13 03 16 03 59 00 17 00 44 01 14 01 47
R H 343 5M 41-6 59 08-8 11-7 7 22-3 10-1 57-3 45 02 55 03 44 04 21 00 21 00 52 01 25 02 01
S 12 358 51-0 N22 41-3 73 39-5 n-7 N 7 324 10-1 57-3 N40 03 24 04 05 04 38 00 25 00 59 01 34 02 12
D 13 13 50-9 41-1 88 10-2 n-6 7 42-5 lo-o 57-3 35 03 47 04 23 04 52 00 28 01 04 01 42 02 22
A }i 28 508 408 102 40-8 11-7 7 52-5 10.0 57-3 30 04 05 04 38 05 05 00 30 01 09 01 49 02 30
Y }l 43 50-7 40-6 117 11-5 11.7 8 02-5 9-9 57-2 20 04 33 05 02 05 26 00 35 01 18 02 01 02 4516 58 50-6 40-3 131 42-2 11.7 8 124 9-9 57-2 N10 04 54 05 21 05 44 00 40 01 25 02 11 02 58
17 73 50-5 40-1 146 12-9 n-7 8 22-3 9*8 57-2 0 05 13 05 39 06 01 M 44 01 32 02 21 03 10
18 88 504 N22 39-8 160 43-6 11-6 N 8 32-1 9-7 57-1 S10 05 29 05 55 06 18 00 48 01 40 02 31 03 22
19 103 50-3 39-6 175 14-2 11.7 8 41-8 9-8 57-1 20 05 45 06 12 06 36 00 52 0147 02 41 03 35
20 118 50-2 39-3 189 44-9 n-7 8 51-6 9-6 57-1 30 06 00 06 30 06 56 00 57 01 56 02 54 03 50
21 133 50-1 39-0 204 15-6 n-7 9 01-2 9-6 57-1 35 06 09 06 40 07 08 01 00 02 01 03 01 03 58
22 148 50-0 38-8 218 46-3 11.7 9 10-8 9-6 57-0 40 06 17 06 51 07 21 01 04 02 07 03 09 04 08
23 163 49-9 38-5 233 17-0 n-7 9 204 9-5 57-0 45
S50
06 27
06 38
07 04
07 19
07 38
07 57
01 08
01 12
02 14
02 22
03 18
03 29
04 20
7 00 178 49-8 N22 38-3 247 47-7 n-7 N 9 29-9 9-4 57-0 04 34
01 193 49-6 38-0 262 184 n-7 9 39-3 9-4 57-0 52 06 43 07 26 08 07 01 14 02 26 03 35 04 41
02 208 49-5 37-7 276 49-1 11.7 9 48-7 9-3 56-9 54 06 49 07 34 08 17 01 17 02 30 03 41 04 48
03 223 494 37-5 291 19-8 11.7 9 58-0 9-3 56-9 56 06 54 07 43 08 29 01 19 02 35 03 47 04 56
04 238 49-3 37-2 305 50-5 11.7 10 07-3 9-2 56-9 58 07 01 07 52 08 43 01 22 02 40 03 55 05 06
05 253 49-2 37-0 320 21-2 H-7 10 16-5 9-1 56-8 S60 07 08 08 03 08 59 01 26 02 46 04 03 05 16
06 268 49-1 N22 36-7 334 51-9 11-6 N10 25-6 9-1 56-8
07 283 49-0 364 349 22-5 n-7 10 34-7 9-0 56-8 Lat. Sun
Twl Ight Moonset
,
08
F 09
298 48-9 36-2 3 53-2 11 -7 10 43-7 9-0 56-8 set Civil Naut. 6 7 8 9
313 48-8 35-9 18 23-9 n-7 10 52-7 6-9 56-7
R 10 328 48-7 35-6 32 54-6 1L6 11 01-6 e-a 56-7 0 h m h m h m h m h m h m h m
1 11 343 48-6 354 47 25-2 11-7 11 104 B-8 56-7 N72 O O Cj 14 52 16 43 18 38 20 48
D 12 358 48-5 N22 35-1 61 55-9 n-6 Nil 19-2 8-7 56-7 N70 ? ? cz 14 39 16 21 18 02 19 40
A 13 13 48-4 34-8 76 26-5 11.7 11 27-9 8.7 56-6 68 a ? CD 14 30 16 04 17 37 19 04
Y 14 28 48-3 34-6 90 57-2 n-6 11 36-6 8-6 56-6 66 23 09 llll llll 14 2J 15 51 17 17 18 38
15 43 48-2 34-3 105 27-8 n-7 11 45-2 8-5 56-6 64 22 15 llll llll 14 15 15 40 17 02 18 18
16 58 48-1 34-0 119 58-5 n-6 11 53-7 8*4 56-6 62 21 43 llll llll 14 09 15 31 16 49 18 02
17 73 48-0 33-8 134 29-1 11-6 12 02-1 B-4 56-5 60 21 19 22 48 llll 14 04 15 23 16 38 17 49
18 88 47-9 N22 33-5 148 59-7 11-7 N12 10-5 8-3 56-5 N58 21 01 22 10 mi 13 59 15 16 16 29 17 37
19 103 47-8 33-2 163 30-4 u-6 12 18-8 8.3 56-5 56 20 45 21 44 1111 13 55 15 09 16 20 17 27
20 118 47-7 32-9 178 01-0 n-6 12 27-1 8-1 56-5 54 20 32 21 24 22 55 13 52 15 04 16 13 17 18
21 133 47-6 32-7 192 31-6 u-6 12 35-2 8-2 564 52 20 20 21 07 22 20 13 49 14 59 16 07 17 10
22 148 47-5 324 207 02-2 n-6 12 434 8*0 564 50 20 10 20 53 21 55 13 46 14 55 16 01 17 03
23 163 474 32-1 221 32-8 n-5 12 514 8-0 56-4 45
N40
19 49
19 31
20 25
20 04
21 14
20 45
13 39
13 34
14 45
14 37
15 48
15 37
16 48
8 8? 178 470 N22 31-8 236 03-3 11.6 N12 594 7-9 564 16 3601 193 47-2 31-6 250 33-9 n-6 13 07-3 7-8 56-3 35 19 17 19 46 20 23 13 30 14 30 15 28 16 25
02 208 47-1 31-3 265 04-5 11-5 13 15-1 7-7 56-3 30 19 05 19 32 20 05 13 26 14 24 15 21 16 16
03 223 47-0 31-0 279 35-0 u-6 13 22-8 7-7 56-3 20 18 43 19 08 19 37 13 19 14 13 15 07 16 00
04 238 46-9 30-7 294 05-6 11-5 13 30-5 7.6 56-3 N10 18 25 18 48 19 15 13 13 14 04 14 55 15 46
05 253 46-8 304 308 36-1 11.5 13 38-1 7-6 56-2 0 18 08 18 31 18 57 13 07 13 56 14 44 15 33
06 268 46-7 N22 30-2 323 06-6 n-5 .N13 45-7 7-4 56-2 S10 17 52 18 14 18 41 13 01 13 47 14 33 15 20
s 08
283 46-6 29-9 337 37-1 n-6 13 53-1 7-4 56-2 20 17 34 17 58 18 25 12 55 13 38 14 21 15 07
298 46-5 29-6 352 07-7 n-5 14 00-5 7-3 56-2 30 17 14 17 40 18 09 12 48 13 27 14 08 14 51
A 09 313 464 29-3 6 38-2 n-4 14 07-8 7-3 56-1 35 17 02 17 30 18 01 12 45 13 21 14 00 14 42
T 10 328 46-3 29-0 21 08-6 H-5 14 15-1 7-1 56-1 40 16 48 17 18 17 52 12 40 13 15 13 52 14 31
u n 343 46-2 28-8 35 39-1 n-5 14 22-2 7-1 56-1 45 16 32 17.06 17 43 12 35 13 07 13 41 14 19
R 12 358 46-1 N22 28-5 50 09-6 n-4 N14 29-3 7-0 56-1 S50 16 13 16 50 17 31 12 29 12 57 13 29 14 04
D 13 13 46-0 28-2 64 40-0 11-5 14 36-3 6-9 56-0 52 16 03 16 43 17 27 12 26 12 53 13 23 13 57
A 14 2B 45-9 27-9 79 10-5 n-4 14 43-2 6-9 56-0 54 15 53 16 36 17 21 12 23 12 48 13 17 13 50
Y 15 43 45-8 27-6 93 409 11.5 14 50-1 6*8 56-0 56 15 41 16 27 17 16 12 19 12 43 13 10 13 41
16 58 45-7 27-3 108 114 11-4 14 56-9 6-6 56-0 58 15 27 16 18 17 09 12 16 12 37 13 02 13 31
17 73 45-6 27-0
88 45-6 N 22 26-8
122 41-8 n-4
137 12-2 11-4
15 03-5
N15 10-2
6-7
6-5
56-0
55-9
S60 15 11 16 07 17 02 12 11 12 30 12 53 13 20
18 SUN MOON
19
20
21
103 45-5 26-5
118 454 26-2
133 45-3 25-9
151 42-6 n-4
166 13-0 n-4
180 434 u-3
15 16-7
15 23-1
15 29-5
6-4
6*4
6*3
55-9
55-9
55-9
Day Eqn. 0
00*
FTlme
I2*
Mer.
Pass.
Mer. Pass.
Upper Lower
Age Phase
22 148 45-2 25-6 195 13-7 11.4 15 35* 6-2 55* m s m 1 h m h m h m d
23 163 45-1 25-3 209 44-1 110 15 42-0 6-1 55-8 6 04 31 04 36 12 05 06 55 19 20 23 1rm
7 04 41 04 46 12 05 07 44 20 08 24 lIJ
S.D. 15-8 d 00 S.D. 15-6 154 15-3 8 04 51 04 55 12 05 08 33 20 57 25 1
30n
Fig. 32
INCREMENTS AND CORRECTIONS
3lr
m
30 SUN'LANETS ARIES MOON or
Corr"
d
V
or Corr"
d
V
or Corr"
d
s 0 / 0 ' 0 ' i . i . i i
00 7 30-0 7 31-2 7 09-5 0-0 0-0 6-0 3-1 12-0 6-1
01 7 30-3 7 31-5 7 09-7 0-1 0-1 6-1 3-1 12-1 6-2
02 7 30-5 7 31-7 7 10-0 0-2 0-1 6-2 3-2 12-2 6-2
03 7 30-8 7 32-0 7 10-2 0-3 0-2 6-3 3-2 12-3 6-3
04 7 31-0 7 32-2 7 10-5 0-4 02 6-4 3-3 12-4 6-3
05 7 31-3 7 32-5 7 10-7 D-5 03 6-5 3-3 12-5 6-4
06 7 31-5 7 32-7 7 10-9 0-6 03 6-6 3-4 12-6 64
07 7 31-8 7 33-0 7 11-2 0-7 04 6-7 34 12-7 6-5
08 7 32-0 7 33-2 7 11-4 0-8 04 6-8 3-5 12-8 6-5
09 7 32-3 7 33-5 7 11-6 0-9 05 6-9 3-5 12-9 6-6
10 7 32-5 7 33-7 7 11-9 1-0 05 7-0 3-6 13-0 6-6
11 7 32-8 7 34-0 7 12-1 1-1 0-6 7-1 3-6 13-1 6-7
12 7 33-0 7 34-2 7 12-4 1-2 06 7-2 3-7 13-2 6-7
13 7 33-3 7 34-5 7 12-6 1-3 07 7-3 3-7 13-3 6-8
14 7 33-5 7 34-7 7 12-8 1-4 07 7-4 3-8 13-4 6-8
15 7 33-8 7 35-0 7 1.3-1 1-5 08 7-5 3-8 13-5 6-9
16 7 34-0 7 35-2 7 13-3 1-6 08 7-6 3-9 13-6 0-9
17 7 34-3 7 35-5 7 13-6 1-7 0-9 7-7 3-9 13-7 7-0
18 7 34-5 7 35-7 7 13-8 1-8 09 7-8 4-0 13-8 7-0
19 7 34-8 7 36-0 7 14-0 1-9 1-0 7-9 4-0 13-9 7-1
20 7 35-0 7 36-2 7 14-3 2-0 1-0 8-0 4-1 14-0 7-1
21 7 35-3 7 36-5 7 14-5 2-1 1-1 8-1 4-1 14-1 7-2
22 7 35-5 7 36-7 7 14-7 2-2 1-1 8-2 4-2 14-2 7-2
23 7 35-8 7 37-0 7 15-0 , 2-3 1-2 8-3 4-2 14-3 7-3
24 7 36-0 7 37-2 7 15-2 2-4 1-2 8-4 4-3 14-4 7-3
25 7 36-3 7 37-5 7 15-5 2-5 1-3 8-5 4-3 14-5 74
26 7 36-5 7 37-7 7 15-7 2-6 1-3 8-b 44 14-6 74
27 7 36-8 7 38-0 7 15-9 2-7 14 8-7 4-4 14-7 7-5
28 7 37-0 7 38-3 7 16-2 2-8 14 8-B 4-5 14-8 7-5
29 7 37-3 7 38-5 7 16-4 2-9 1-5 8-9 4-5 14-9 7-6
30 7 37-5 7 38-8 7 16-7 3-0 1-5 9-0 4-6 15-0 7-6
31 7 37-8 7 39-0 7 16-9 3-1 1-6 9-. 4-6 15-1 7-7
32 7 38-0 7 39-3 7 17-1 3-2 1-6 9-2 4-7 15-2 7-7
33 7 38-3 7 39-5 7 17-4 3-3 1-7 9-3 4-7 15-3 7-8
34 7 38-5 7 39-8 7 17-6 3-4 1-7 9-4 4-8 15-4 7-8
35 7 38-8 7 40-0 7 17-9 3-5 1-8 9-5 4-8 15-5. 7-9
36 7 39-0 7 40-3 7 18-1 3-6 1-8 9-o 4-9 15-6 7-9
37 7 39-3 7 40-5 7 18-3 3-7 1-9 9-7 4-9 15-7 8-0
38 7 39-5 7 40-8 7 18-6 3-8 1-9 9-8 5-0 15-8 8-0
39 7 39-8 7 41-0 7 18-8 3-9 2-0 9-9 5-0 15-9 8-1
40 7 40-0 7 41-3 7 19-0 4-0 2-0 10-0 5-1 16-0 8-1
41 7 40-3 7 41-5 7 19-3 4-1 2-1 10-1 5-1 16-1 8-2
42 7 40-5 7 41-8 7 19-5 4-2 2-1 10-2 5-2 16-2 8-2
43 7 40-8 7 42-0 7 19-8 4-3 2-2 10-3 5-2 16-3 8-3
44 7 41-0 7 42-3 7 20-0 4-4 2-2 10-4 5-3 16-4 8-3
45 7 41-3 7 42-5 7 20-2 4-5 2-3 10-5 5-3 16-5 8-4
46 7 41-5 7 42-8 7 20-5 4-6 2-3 10-6 5-4 16-6 84
47 7 41-8 7 43-0 7 20-7 4-7 2-4 10-7 54 16-7 8-5
48 7 42-0 7 43-3 7 21-0 4-8 2-4 10-8 5-5 16-8 8-5
49 7 42-3 7 43-5 7 21-2 4-9 2-5 10-9 5-5 16-9 8-6
50 7 42-5 7 43-8 7 21-4 5-0 2-5 11-0 5-6 17-0 8-6
51 7 42-8 7 44-0 7 21-7 5-1 2-6 11-1 5-6 n-l 8-7
52 7 43-0 7 44-3 7 21-9 5-2 2-6 11-2 5-7 17-2 8-7
53 7 43-3 7 44-5 7 22-1 5-3 2-7 no 5-7 17-3 8-8
54 7 43-5 7 44-8 7 22-4 5-4 2-7 11-4 5-8 17-4 8-8
55 7 43-8 7 45-0 7 22-6 5-5 2-8 n-5 5-8 17-5 8-9
56 7 44-0 7 45-3 7 22-9 5-6 2-8 n-6 5-9 17-6 8-9
57 '7 44-3 7 45-5 7 23-1 5-7 2-9 11-7 5-9 17-7 9-0
58 7 44-5 7 45-8 7 23-3 5-8 2-9 11-8 6-0 17-8 9-0
59 7 44-8 7 46-0 7 23-6 5-9 3-0 11-9 6-0 17-9 9-1
60 7 45-0 7 46-3 7 23-8 6-0 3-1 12-0 6-1 ie-o 9-2
m
31
SUN
PLANETS
ARIES MOON
V
or Corr"
d
V
or Corr"
d
V
or Corr"
d-
s o
' , t> > , , . - t l
00 7 45-0 7 46-3 7 23-8 0-0 0-0 6-0 3-2 12-0 6-3
01 7 45-3 7 46-5 7 24-1 0-1 01 6-1 3-2 12-1 6-4
02 7 45-5 7 46-8 7 24-3 0-2 01 6-2 3-3 12-2 6-4
03 7 45-8 7 47-0 7 24-5 0-3 02 6-3 3-3 12-3 6-5
04 7 46-0 7 47-3 7 24-8 0-4 0-2 6-4 3-4 12-4 6-5
05 7 46-3 7 47-5 7 25-0 0-5 03 6-5 3-4 12-5 6-6
06 7 46-5 7 47-8 7 25-2 0-6 03 6-6 3-5 12-6 6-6
07 7 46-8 7 48-0 7 25-5 0-7 04 6-7 3-5 12-7 6-7
08 7 47-0 7 48-3 7 25-7 0-8 04 6-8 3-6 12-8 6-7
09 7 47-3 7 48-5 7 26-0 0.9 0-5 6-9 3-6 12-9 6-8
10 7 47-5 7 48-8 7 26-2 1-0 05 7-0 3-7 13-0 6-8
11 7 47-8 7 49-0 7 26-4 1-1 06 7-1 3-7 13-1 6-9
12 7 48-0 7 49-3 7 2%-7 1-2 06 7-2 3-8 13-2 6-9
13 7 48-3 7 49-5 7 26-9 1-3 0-7 7-3 3-8 13-3 7-0
14 7 48-5 7 49-8 7 27-2 1-4 07 7-4 3-9 13-4 7-0
15 7 48-8 7 5O0 7 274 1-5 0-8 7-5 3-9 13-5 7-1
16 7 49-0 7 503 7 27-6 1-6 08 7-6 4-0 13-6 7-1
17 7 49-3 7 50-5 7 27-9 1-7 09 7-7 4-0 13-7 7-2
18 7 49-5 7 508 7 28-1 1-8 09 7-8 4-1 13-8 7-2
19 7 49-8 7 51-0 7 28-4 1-9 1-0 7-9 4-1 13-9 7-3
20 7 5O0 7 51-3 7 28-6 2-0 1-1 8-0 4-2 14-0 74
21 7 503 7 51-5 7 28-8 2-1 1-1 8-1 4-3 14-1 74
22 7 505 7 51-8 7 29-1 2-2 1-2 8-2 4-3 14-2 7-5
23 7 508 7 52-0 7 29-3 2-3 1-2 B-3 44 14-3 7-5
24 7 51-0 7 52-3 7 29-5 2-4 1-3 8-4 44 14-4 7-6
25 7 51-3 7 52-5 7 29-8 2-5 1-3 8-5 4-5 14-5 7-6
26 7 51-5 7 52-8 7 30-0 2-6 1-4 8-6 4-5 14-6 7-7
27 7 51-8 7 53-0 7 303 2-7 14 8-7 4-6 14-7 7-7
28 7 52-0 7 53-3 7 305 2-B 1-5 8-8 4-6 14-8 7-8
29 7 52-3 7 53-5 7 30-7 2-9 1-5 8-9 4-7 14-9 7-8
30 7 52-5 7 53-8 7 31-0 3-0 1-6 9-0 4-7 15-0 7-9
31 7 52-8 7 54-0 7 31-2 3-1 1-6 9-1 4-8 15-1 7-9
32 7 53-0 7 54-3 7 31-5 3-2 1-7 9-2 4-8 15-2 8-0
33 7 53-3 7 54-5 7 31-7 3-3 1-7 9-3 4-9 15-3 8-0
34 7 53-5 7 54-8 7 31-9 3-4 1-8 9-4 4-9 15-4 8-1
35 7 53-8 7 55-0 7 32-2 3-5 1-8 9-5 5-0 15-5 8-1
36 7 54-0 7 55-3 7 32-4 3-6 1-9 9-6 5-0 15-6 8-2
37 7 54-3 7 55-5 7 32-6 3-7 1-9 9-7 5-1 15-7 8-2
38 7 54-5 7 55-8 7 32-9 3-B 2-0 9-8 5-1 15-8 8-3
39 7 54-8 7 56-0 7 33-1 3-9 2-0 9-9 5-2 15-9 8-3
40 7 55-0 7 56-3 7 33-4 . 0 2-1 10-0 5-3 16-0 8-4
41 7 55-3 7 56-6 7 33-6 1-1 2-2 10-1 5-3 16-1 8-5
42 7 55-5 7 56-8 7 33-8 4-2 2-2 10-2 5-4 16-2 8-5
43 7 55-8 7 57-1 7 34-1 4-3 2-3 10-3 5-4 16-3 8-6
44 7 56-0 7 57-3 7 34-3 4-4 2-3 10-4 5-5 16-4 8-6
45 7 56-3 7 57-6 7 34-6 4-5 2-4 10-5 5-5 16-5 8-7
46 7 56-5 7 57-8 7 34-8 4-6 24 10-6 5-6 16-6 8-7
47 7 56-8 7 58-1 7 35-0 4-7 2-5 10-7 5-6 16-7 6-c
48 7 57-0 7 58-3 7 35-3 4-8 2-5 10-8 5-7 16-8 8-c
49 7 57-3 7 58-6 7 35-5 4-9 2-6 10-9 5-7 16-9 8-S
50 7 57-5 7 58-8 7 35-7 5-0 2-6 11-0 5-8 17-0 8-9
51 7 57-8 7 59-1 7 36-0 5-1 2-7 11-1 5-8 17-1 9-0
52 7 58-0 7 59-3 7 36-2 5-2 2-7 11-2 5-9 17-2 9-0
53 7 58-3 7 59-6 7 36-5 5-3 2-8 11-3 5-9 17-3 9-1
54 7 58-5 7 59-8 7 36-7 5-4 2-8 11-4 6-0 17-4 9-1
55 7 58-8 8 0O1 7 36-9 5-b 2-9 n-5 6-0 17-5 9-2
56 7 59-0 8 0O3 7 37-2 5-6 2-9 n-6 6-1 17-6 9-2
57 7 59-3 8 00-6 7 374 5-7 3-0 11-7 6-1 17-7 9-3
58 7 59-5 8 0O8 7 37-7 5-8 3-0 11-8 6-2 17-8 9-3
59 7 59-8 8 01-1 ' 7 37-9 5-9 3-1 11-9 6-2 17-9 9-4
60 8 OOO 8 01-3 ' 7 38-1 || 6-0 3-2 12-0 6-3 18-0 9-5
/Fig. 33
TABLE 1
SOLAR EPHEMERIS JUNE 196S
For Oh Universal Time or Greenwich Civil Time
TABLE 1
SOLAR EPHEMERIS JULY 1966
For Ob Universal Time or Greenwich Civil Time
ay ol The Sun's Did. In
Equation of Time
GHA Day ol
Month
The Sun's Diff. in
Equation of Time
GHAE True Sol. Time Differ. Trut Sol.Tlmi Differ.
Month Apparent Declin. = LCT + for o Appa
Declin
rent Declin. = LCT + for of
& Week Declination for 1 houi Eq of Time 1 hour Polaris A Week ation for 1 hour Eq. of Time 1 hour Polaris
. ' '
m e
' . / m
. '
01 H N21 57.8 0.34
? 2 24. e 0.37 219 18.4 31 FR N23 09.5 _ 3 34.6 _ _ 248 43.3
02 TM N22 06.0
0.33
+ 2 15.7
0.39 220 17.2 02 SA N23 05.5
0.17
0.18
_ 3 46.2
0.48
249 42.0
03 FR N22 13.9
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Appendix VII
Tables of Normalized Data
Ken- Lake
Wave- Atmos- Globe N.Y.Dark tucky N.Y". Ontario
length pheric Solar Viewing Arbor- LiTie- Blue- Farm Beach
Band Condition Altitude Position vitae stone zrass Soil Sand
Blue Clear Sky 12u A Normal J3 144) 47o 8T5 144)
57,OOOAz 4.0 12.0 4,0 10.0 12.5
25,000Az 4.0 16.0 8.0 12.0 16.5
57,300Az 5.0 10.O 2.5 8.5 12.5
25,300-Vz 5.0 11.0 !i.5 8.5 14.5
57,l80Az 2.0 10.0 2.5 10.0 13.0
25,l80Az 2.5 12.0 4.0 10.0 14.5
57,120Az 2.0 11.0 5.0 13.0 14.0
25.120Az 2.0 15.0 8.0 I^.O iR.n
40" A Normal 9.0 53.5 9.0 41.5 95.0
57,OOOAz 7.0 47.0 11.0 37.5 no.O
25f000Az 6.0 49.5 14.0 37.5 110.0
57,300Az 4.0 40.0 8.5 31.0 100.0
25.300A.Z 4.0 45.0 13.0 30.0 120.0
57,l80Az 4.0 50.0 13.5 40.0 100.0
25,l80Az 5.0 50.0 14.5 41.0 110.0
57,120Az 14.0 65.0 15.0 56.0 100.0
0
25.120AZ 12.0 SJrO 22^0 78.0 TPp.o
c9 Normal n.o 95.0 26. 0 37.0 145.0
57,OOOAz 5.5 77.0 13.0 68.0 140.0
25,000Az 3.0 70.0 17.5 53.0 160.0
57,300Az 4.5 80-0 17.5 72.5 140.0
25,300Az 4.5 69.5 13.0 59.0 160.0
57,l80Az 11.0 103.0 29.0 115.0 160.0
25,l80*z 8.0 93.0 24.0 87.0 160.0
57.120A? 8.0 90.0 31.0 86.5 150.0
25.120Az 6.0 86.0 24.0 7^.0 iAn,n
40 u D Formal 5.0 44.5 12.0 40.0 83. 0
57,000*z 4.0 47.5 14.0 37.0 83.0
25,000Az 4.0 50.0 15.0 36.5 101.0
57,300Az 10.0 55.0 13.0 51. 0 86.0
25,300Az 7.0 66.0 23. 0 66.0 110.0
57,130AZ 3.0 54.0 13.0 41.0 85.0
25,l80Az 4.0 56.0 14.0 45. J 102.5
57,120AZ 2.0 41.0 11.0 32.5 84.0
25.120AZ 5.5 41.0 11^5 52-0 105 n
IXD Normal 2.0 7.0 1.5 10. 0 34.0
57,0-OOAz 3.0 12.0 3.0 10.0 31. 0
25,00oAz 3.0 14.0 6.0 12.5 41.5
57,300Az 5.0 ,40 3.0 11. 0 32. 0
25,300AZ 6.0 15.0 7.0 23.5 53.5
57,l80Az 2.0 10.0 2.0 9.5 30.0
25,l80Az 1.0 11.0 3.0 10. 5 44.0
57,120Az 2.0 12.0 2.5 8.0 25.0
25.120AZ 1.5 12.0 4^0 IP.n cc n
(56)
Ken- Lake
-e- Atmos- Globe N.Y.Dark tucky M.I. Ontario
igth pheric Solar Viewing Arbor- Lime- Blue- Farm Beach
id Condition Altitude Position Vltae stone grass Soil Sand
ien Clear Sky 12 A Normal 29.7 59.4 27.0 44.0 79.2
57,OOOAz 45.1 44.0 30.8 53.9 67.1
25,OOOAz 39.6 68.2 62.7 66.0 85.8
57,300AZ 61.6 38.5 17.6 42.9 69.3
25,300Az 51.7 44.6 44.0 40.2 80.3
57,l80Az 9.9 39.6 23.1 5^.0 71.5
25,l80Az 19.8 42.9 39.6 46.2 75.9
57,120Az 11.0 42.9 36.3 71.5 72.6
,nU ,
g5'12?A^ 14.3 64.9 71. q 34.7 84,7
40XA. Normal 102.3 187.0 32.5 181.5 407.0
57,OOOAz 63.8 165.0 100.7 176.0 429.0
25,000Az 57.2 170.5 132.0 165.0 506.0
57,300Az 34.1 137.5 91.3 13!.0 445.5
25,300Az 23.6 154.0 121.0 125.5 544.5
57,l80Az 33.0 176.0 108.9 176.0 440.0
25,130A3 49.5 176.0 115.5 181.5 500.0
57,120Az 143.0 231.0 126.5 264.0 457=5
__
25.120AZ 117.7 2Q7.0 15R.0 555.0 R51 .0
69u Normal 121.0 352.0 154.0 385.0 682.0
57,OOOAz 58.3 275.0 121.0 2^7.0 633.0
25,000Az 20.9 242.0 121.0 220.0 71^.0
57,300^-z 44.0 286.0 110.0 313.5 643.5
25,300Az 440 247.5 121.0 253.0 715.0
57,180Az 112.2 363.5 165.0 523.0 726.0
25,l30\z 34.7 330.0 154.0 374.0 726.0
57,120Az 35.3 33%0 137.0 374.0 675.5
,
25.120Az 53.3 502.5 jXj^O 519.0 704.0
40 D Normal 53.4 165.0 97.9 137.0 363 .0
57,OOOAz 49.5 165.0 110.0 170.5 346.5
25,000\z 36.3 181.5 121.0 165.0 346.5
57,300Az 106.7 203.5 126.5 236.5 363.5
25,300Az 77.0 242.0 154.0 297.0 462.0
57,l30Az 29.2 209. 0 101.2 137.0 557.5
25,130Az 37.4 193.0 116.0 209.0 423.0
57,120.Az 19.8 154.0 94.6 148.5 352.0
_
25.120AZ 55.0 143.5 108.9 145.0 440.0
12" D formal 29.2 31.9 11.0 53.9 154.0
57,000a-, 38.5 50.6 24.2 50.6 137.5
25,OOOAz 25.3 62.5 47-3 66.0 1S1.5
57,300Az 65.0 36.3 13.7 55.0 143.0
2c,300Az 72.5 74.3 56.1 126.5 231.0
57. 180 a. z 14.5 41.3 16.5 46.2 132.0
25,l80Az 14.9 46.2 25.9 52.8 137.0
57,120Az 13.2 49.0 21.5 33.0 126.5
25.120AZ 15.2 51.7 42.4 50.1 242.0
(51)
Ken Lake
re- Atmos- Globe N.Y.Dark tucky NX. Ontario
igtii pheric Solar Viewing A.rbor- Lime Blue- Farm -each
id Condition Altitude Position Vltae stone errass Soil Sand
[ Clear Sky 12 u A Normal 13.4 26.9 13.4 21.8 37.0
57.000Az 16.8 20.2 13.4 26.9 31.9
25,000A.z 16.8 31.9 23.5 31.9 38.6
57,300Az 20.2 18.5 6.7 20.2 300.2
25,300Az 21.8 31.9 33.6 30.2 40.3
57,l80Az 6.7 18.5 8.4 26.9 31.9
25.180AZ 10.1 23.5 15.1 31.9 33.6
57,120Az 6.7 20.2 15.1 33.6 31.9
25.120A.Z 21.8 30.2 28.6 42.0 57.0
40 A Normal 43.7 97.4 33.6 105.8 211.7
57,OOOAz 30.2 85.7 38.6 84.0 225.1
25,000Az 25.2 87.4 47.0 80.6 260.4
57,300Az 16.8 40.3 33.6 80.6 235.2
25,300Az 37.0 94.1 *62.2 84.0 273.3
57, 180 A z 16.8 90.7 42.0 102.5 230.2
25,l80\z 23.5 94.1 43.7 100.8 262.1
57.120A.Z 60.5 119.3 47.0 141.1 241.9
25.120Az 47.0 151.2 67.2 191.5 232.2
59" Normal 47.0 179.8 72.2 215.0 302.4
57,OOOAz 23.5 144.5 53.8 163.0 302.4
25, 000 As 13.4 127.7 50.4 131.0 336.0
57,300Az 18.5 147.8 55.4 146.2 336.0
25.300AZ 16.8 124.3 53.8 144.5 302.4
57,l30Az 42.0 194.9 77.3 268.8 336.0
25.130AZ 30.2 174.7 67.2 215.0 336.0
57,120Az 33.6 168.0 87-4 215.0 336.0
25.120Az 25.2 152.9 67.2 178.1 556.0
40" D f o rma 1 21.8 87.4 33.6 105.8 183.2
57,OOOAz 16.8 90.7 43.7 94.1 134.3
25.000AZ 16.8 94.1 47.0 92.4 223.4
57,300Az 37.0 104.2 53.8 131.0 191.5
25,300Az 30.2 124.3 67.2 163.0 241.9
57,l80Az 13.4 102.5 40.3 107.5 189.8
25.180AZ 18.5 109.2 47.0 117.6 221.8
57.120AZ 10.1 79.0 37.0 84.0 186.5
25.120AZ 20.2 43.7 84.0 231.8
12" D N o rma 1 10.1 ]& 5.0 23.6 80.6
57,000ii^ 13.4 23.5 10.1 26.9 70.6
25, 000 a z 11.8 23.6 20.2 33.6 92.4
57,300Az 23.5 16.8 10.1 30.2 73.9
25, 300 a z 26.9 37.0 25.2 72.2 117.6
57.180AZ 5.0 20.2 6.7 23.5 67.2
25.180AZ 6.7 23.5 10.1 26.9 97-4
57,120Az 10.1 23.5 17.4 20.2 67.2
25,120Az 20.2 33.6 26.7 3^.6 134.4
(58)
rth
ie
Ken Lake
Atmos Globe N.Y.Dark tucky N.Y. Ontario
pheric Solar Viewing Arbor Lime Blue farm Beach
Condition Altitude Position vitae stone _arassSoil Sand
Overcast 12 A Normal 3.5 9.0 0.8 6.0 10.0
Sky 57,OOOAz 3.0 8.0 1.0 6.0 10.0
25,000Az 2.0 8.0 1.5 5.0 12.0
57,300Az 2.0 8.0 1.0 4.0 9.0
25,300Az 2.0 8.5 1.0 3.5 10.0
57,l30Az 2.0 8.0 1.0 4.5 9.0
25,130Az 2.0 8.5 1.5 3.5 11.0
57,120Az 2.5 8.0 1.0 5.0 10.0
25,120Az 2.0 9.0 1.5 5.5 11.0
40" A Normal 3.5 2.50 5.0 9.0 27.0
57,OOOAz 4.5 21.0 5.0 11.0 40.0
25,000Az 4.0 22.5 5.0 13.5 37.0
57,300Az 3.0 18.5 5.0 10.5 43.0
25,300Az 3.5 24.0 6.5 14.0 40 . 0
57,l80Az 3.0 22.5 5.5 10.0 43.0
25,l30Az 3.5 29.0 5.5 13.5 3^.0
57,120Az 4.0 24.0 5.0 10.0 40.0
25.120Az 4.0 35.5 5.0 14.0 57.0
69u Normal 2.5 28.0 5.5 20.0 45.0
57,OOOAz 3.5 29.5 7.0 21.0 69.0
25,OOOAz 3.0 35.0 ).o 20.0 67.0
57,300Az 2.0 23.0 10.0 24.0 60.0
25.300AZ 2.5 29.0 13.5 24.0 39.0
57,l80Az 3.0 42.0 3.0 27.0 62.0
25.190.Az 3.0 39.0 11.0 27.5 71.0
57.120.Az 2.0 29.0 3.5 25.0 58.0
25.120AZ 2.5 31.0 11.0 23.5 37.0
X" D Normal 1.5 3.0 2.0 12.5 13.5
57,OOOAz 2.0 4.0 2.0 13.0 18.0
25,000Az 2.5 5.0 4.0 11.0 22.0
57,300Az 2.0 4.5 2.0 14.0 16.0
25.300AZ 2.0 6.0 4.5 14.0 23.0
57,l30Az 1.0 4.0 2.5 14.0 15.5
25.180AZ 2.0 5.0 3.5 14.0 21.0
57,120.4z 2.0 4.0 1.5 14.0 15.5
25.120AZ 2.0 5.5 5.0 12.0 21.5
12
D \ormal 0.5 0.5 0.5 5.5 12.0
57.000AZ 0.3 1.0 0.3 4.5 14.5
25.000AZ 0.5 1.0 3.5 4.5 13.5
57,300Az 0.3 1.0 0.3 5.0 14.0
25,300\z 0.5 1.0 0.8 5.5 20.0
57.180AZ 0.0 1.0 0.0 5.0 14.0
25,l30Az 0.3 0.5 0.5 4.5 18.5
57,120Az 0.0 1.0 0.0 4.5 14.0
25.120AZ 0.0 0.5 0.8 4.5 19.0
(59)
Mtmos-
pheric
Condition
Overcast
Sky
Ken Lake
Globe N.Y.Dark tucky 4Y. Ontario
Solar Viewing Arbor Lime Blue Farm Beach
Altitude Position vitae stone ra s s Soil Sand
12u A Normal 34.4 40.6 7-4 31.4 51.7
57,000Az 28.9 43.8 11.1 34.4 50.4
25,000Az 22.1 36.9 8.6 24.6 61.5
57, 300 A z 19.7 30.8 8.6 24.6 44.3
25.300Az 13.7 36.9 9.2 17.2 50.4
57,l80Az I8.5 33.2 7-4 25.8 45.5
25,130Az 21.5 36.9 9.8 17.2 54.1
57,120Az 28.3 33.3 3.6 29.5 55.4
2f5.120Az 20.9 39.4 11.1 19.7 SR.4
40 u A Normal 36.9 116.9 33.1 51.7 123.0
57,000Az 52.9 94.7 39.4 68.9 172.2
25,000Az 33.1 9;. 6 40.6 77.5 159.9
57,300Az 27.1 86.1 34.4 60.9 196.8
25,300Az 36.9 ?J.6 49.*2 30.0 166.1
57.180AZ 32.0 93.4 43.1 59.0 209.1
25.130AZ 34.4 127.9 45.7 80.0 172.2
57,120Az 43.1 107.0 33.2 57.3 184.5
25jl20Az 40.6 135.5 39.4 85.6 166.1
69 ,J formal 25.8 110.7 43 . 6 98.4 209.1
57,OOoAz 41.8 123.0 59.7 98.4 332.1
25,000Az 33.2 147.6 73.8 92.3 289.1
57. 300 A z 22.1 110.7 77.5 116.9 295.2
25,300\z 29.5 110.7 114.4 116.9 369.0
57,l80Az 22.1 172.2 63.9 135.3 295.2
25,l30As 24.6 172.2 39.8 141.5 295.2
57,120Az 30.8 110.7 72.6 123.0 332.1
25.120Az 27.1 123.0 92.5 125.0 56Q.0
40 u D Normal 13.5 13.5 13.5 65.4 71.3
57,00O.Az 19.7 13.7 22.1 75.0 95.3
25,OOOAz 25.3 23.4 35.1 74.4 114.4
57, 300 A z 17.2 X.7 23.4 80.0 91.6
25,
300'
z 20.3 25.3 40.6 76.3 116.9
57,l80Az 12.3 18.5 22.1 80.0 80.0
25.180AZ 16.0 22.8 35.1 80.0 111.9
57,120Az 16.0 17.2 31.4 76.9 77.5
25,120Az
Normal
14.1
7.4
24.6
-J^i-
78.8 111.9
12u D 3.7 4.9 27.1 57.8
57,OOoAz 6.2 4.9 3.7 22.8 70.1
25,OOOAz 6.2 4.3 4.9 23.4 87-9
57,300Az 5.5 6.2 3.7 25.8 53.9
25,300Az 7.4 4.3 6.2 27.1 91.0
57.l80.Az 6.2 5.5 3.1o 24.0 68.9
25,l80Az 5.5 3.7 5.5 22.1 33 6
57,120Az 6.2 6.2 3.7 22.1 67.7
25,120Az 4.9 3.7 4.9 22.1 3;5.6
(60)
Ken Lake
ye- Atmos- Globe N.Y.Dark tucky N.Y. Ontario
agth Pheric Solar Viewing Arbor Lime Blue Farm Beach
*id Condition Altitude Position vitae stone grass Soil ^and
5 Overcast 12u A Normal 16.5 24.7 3.1 20.6 28.8
3ky 57,000Az 14.4 16.5 4.1 20.6 30.9
25,000Az 12.4 20.6 4.1 14.4 33.0
57,300.Az 12.4 16.5 4.1 12.4 24.7
25,300Az 12.4 20.6 4.1 10.3 26.8
57,l80Az 10.3 16.5 4.1 12.4 24.7
25,180az 12.4 20.6 4.1 12.4 28.8
57,120Az 14.4 16.5 4.1 16.5 28.8
25.120AZ 12.4 20.6 4.1 12.4 28.8
40u A Normal 16.5 57.7 20.6 26.8 74.2
57,OOOAz 22.5 49.4 20.6 37.1 111,2
25,OOOAz 20.6 49.4 20.6 41.2 9^.8
57, 300 A? 16.5 45.3 18.5 33.0 109.2
25,300Az 24.7 49.4 24.7 45.3 107.1
57,l80Az 16.5 47.4 20.6 30.9 107,1
25.180AZ 20.6 65.9 22.7 45.3 103.0
57,120Az 22.7 57.7 16.5 28.8 103.0
25.120AZ 20.6 70.0 PC). 6 45.^ Qh.R
69" Normal 10.3 61.3 24.7 63.9 127-7
57,000Az 13.5 70.0 28.8 63.9 173.0
25,000-Az 16.5 32.4 37.1 61.8 168.9
57,300Az 12.4 61.8 41.2 74.2 160.7
25,300Az 18.5 65.9 59.7 73.3 206.0
57,180 z 10.3 96.8 37.1 32.4 160.7
25,l80Az 16.5 33.6 45.3 38.6 183.3
57,120Az 16.5 65.9 33.0 76.2 177.2
25,120Az 18.5 72.1 45.3 70.0 206.0
40'J D Normal 6.2 6.2 8.2 37.1 37.1
57,OOOAz 3.2 3.2 10.3 37.1 45.3
25,OO0Az 12.4 12.4 16.5 41.2 57.7
57,300Az 8.2 8.2 10.3 47.4 45.3
25,300Az 12.4 14.4 20.5 41.2 61.8
57,l80Az 6.2 3.2 8.2 45.3 39.1
25.l80Az 12.4 12.4 16.5 41.2 57.7
57,120Az 8.2 3.2 6.2 43.3 41.2
25.120AZ 10.3 12.4 16.5 57.1 57.7
12
D Normal 2.1 1.0 2.1 16.5 23.8
57,000Az 2.1 2.1 0.0 12.4 35.0
25,000Az 3.1 2.1 1.0 12.4 45.3
57,300Az 0.0 ,2.1 0.0 12.4 35.0
25,300Az 4.1 0.0 2.1 16.5 49.4
57,l80Az 2.1 1.0 0.0 12.4 35.0
25.180AZ 3.1 0.0 2.1 12.4 45.3
57,120Az 10.1 2.1 0.0 12.4 35.0
25.120Az 2.1 0.0 1.0 12.4 45.5
(61)
Normalized Data Values for Baryta Standard
To calculate the values of percent reflectance that were
graphed in Graphs 31 thru 60, the following values were used
in the % Reflectance equation stated in the data reduction section:
Radiance Vector Magnitudes At A Solar Altitude of 69
Wavelength Band Clear Sky Overcast Sky
Blue 782.50 230.00
Green 2062.50 867.15
Red 1184.40 412.00
% Reflectance of Baryta Standard
Wavelength Band % Reflectance
Blue 90 . 6
;reen 90.8
Red 90.3
(62)
APPENDIX VIII
Calculation of Confidence Interval
Terrain Wavelength Atmospheric
1.0
L. <hType Band Condition
Clear
S.S.
9.1
d.f.
9
M.S.
1.0
tfn-:
+Globe Blue 2.2
Arborvitae Hlue Overcast 6.0 10 0.6 0.8 + 1.8
Green Clear 1*85.3 9 53.9 7.3 + 16.5
Green Overcast 5h0.5 10 51*.1 7.3 + 16.2
Red Clear 156.2 9 17.h 1*.2 + 9.5
Red Overcast 215.1 10 21.5 1*.6 + 10.2
N.Y. Dark Blue Clear 102.3 8 12.8 3.6 + 8.3
Limestone Blue Overcast 252.7 17 11*.
8"
3.8 + 8.0
Green Clear 760.9 8 95.1 9.7 + 22.3
Green Overcast 2613 .li 17 153.7 12.1* + 26.0
Red Clear 313.6 8 39.2 6.3 + ik.5
Red Overcast 101*8.2 17 61.6 7.8 + 16.1*
Kentucky Blue Clear 37.1* 23 1.6 1.3 + 2.7
KLuegrass Blue Overcast 15.1* 10 1.5 1.2 + 2.7
Green Clear 1229.3 23 53.1* 7.3 + 15.7
Green Overcast 71*0.1* 10 7l*.0 8.6 + 19.1
Red Clear 592.1 23 25.7 5.1 + 10.7
Red Overcast 179.3 10 17.9 1*.2 + 9.3
N.Y. Farm Blue Clear 22.6 2 11.3 3.1* + 11* .6
Soil Blue Overcast 30.3 6 5.1 2.3 + 5.6
Green Clear 302.5 2 151.3 12.3 + 30.0
Green Overcast 660.0 6 110.0 10.5 + 25.6
Red Clear 367.2 2 183.7 13.5 + 58.0
Red Overcast 308.2 6 51.3 7.2 + 17.6
Lake Blue Clear 63.6 3 21.2 1*.6 + 17.6
Ontario Blue Overcast 121.1 6 20.1 l*.l* + 10.7
Beach Green Clear 1860.5 3 620.1 21*. 9 + 79.1
Sand Green Overcast 1987.8 6 331.3 18.2 + 1*1*.5
Red Clear 1032.2 3 3U*.0 18.0 + 57.2
Red Overcast 788.1 6 131.3 11.1* + 27.8
(63)
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